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INTRODUCTION 


N NOVEMBER 1956 a special issue of the Brown Boveri Review was devoted to the electrical 
equipment of rolling-mill drives. In it the main accent was laid on the increasing tendency to 
employ the mercury-arc converter to provide the necessary direct current, and the change from 
open-loop to closed-loop control. Fundamentally there have been no great changes in this technique, 
but new knowledge has been gained in the meantime and new problems have arisen out of the 
constant desire of the steelworks to attain higher output with improved quality. 

In this present special number on rolling-mill drives the present state of the art in this sphere will 
be dealt with, at least as far as the major aspects are concerned, and a brief account given of some 
installations recently taken into service. 

The increased employment of mercury-arc converters continues, as expressed by the following 
statistics: In the last ten years the Company and its associates have supplied the electrical equipment 
for 42 continuous hot-rolling mills with an aggregate drive power of over a quarter of a million 
kilowatts, only one of which — installed in 1956 — employed rotating converters to feed the motors. 
In the same period the drives have been supplied for 38 reversing mills with cut-out torques up to 
600 mt, of which 35 are fed by mutators. In the cold-strip mills there is a distinct tendency to lower 
the lower limit of powers at which mutators can be employed economically. For instance, of the 
100 cold-strip mills for which equipment has been provided since 1950, one quarter of this total is 


already equipped with mercury-arc converters. 
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Another notable advance is the use of single-anode converters for reversing d.c. drives. These tanks 
are able to withstand a higher short-time overload than the multi-anode units and can be combined 
in various circuit arrangements. On account of these advantages a new series of packaged single- 
anode air-cooled and pumpless tanks has been devised, with ratings of 100 and 300 A, a detailed 
description of which is given in some of the articles that follow. 

The question of repercussions on the supply system caused by mutator-fed heavy industrial drives 
has been given close consideration, and every effort made to find ways and means of reducing these 
effects. As a result it has proved possible to use mutators in relatively weak networks. ‘This problem 
is also dealt with in a comprehensive article. 

Control systems have been developed and perfected still further. Based on the principles of, and the 
excellent experience gained with electronic equipment for the control of rolling mills, a completely 
new, universally applicable building-block system, known as the Brown Boveri Electronic System, 
was brought out; a description of this equipment and many aspects of its application appeared in a 
special issue (No. 10/11, 1960) of the Review. The elements all work with standardized signals and 
are flexibly adaptable to various possible combinations. The control units in this system are all 
transistorized printed-circuit modules which, compared with the former designs with electron tubes, 
benefit from the great reduction in the space occupied. As output units it is possible to use mutators, 
silicon or mercury-vapour thyratrons, magnetic amplifiers and transistorized power stages. Power 
stages are available to suit almost all possible operating conditions. 

As far as industrial applications are concerned, the Brown Boveri electronic system, in its range 1, 
possesses a complete programme of building blocks for analogue techniques, augmented by digital 
elements for use up to a frequency of | kc/s. For high-grade digital circuits, such as positional controls, 
the elements of range 2 with a maximum working frequency of 100 kc/s are available. All elements of 
these two ranges, whether for analogue or digital operation, are designed on the same lines and can 
be flexibly combined, both electrically and constructionally. To control all kinds of main and auxiliary 
rolling-mill drives, exclusive use is made nowadays of the elements of the Brown Boveri electronic 
system. These not only fulfil the most stringent requirements of modern drive techniques, but at the 
same time serve as a basis for the automation of rolling mills, as they can be easily adapted for data 
logging and processing. All aspects of the problems arising out of the automation of rolling mills are 
receiving close attention, as will be gathered from the opening article in this number. This important 
subject can produce revolutionary solutions in the sphere of heavy industrial drives. 

It is hoped that this special number will provide a comprehensive and descriptive review of some 
of the varied problems, which could only be briefly mentioned in this introduction. 

(KME) U. Matra 


R. Zwicky 


NOVEMBER/DECEMBER 1961 


THE Brown Bover! REVIEW 


601 


SOME ASPECTS OF AUTOMATION IN ROLLING MILLS 


The article deals with some of the fundamental aspects 
of automation in rolling mills. Following a general discussion 
of the purpose of automation, the author describes. four 
successive stages. The suitability of the various methods of 
rolling for automation are examined and the necessary 
preliminary work explained. In conclusion, the present state 
of Brown Boveri achievements in this sphere is briefly outlined. 


UTOMATION of industrial processes, in its 
widest sense, implies the complete replacement 

of those human faculties concerned with physical 
effort, observation, memorizing and taking decisions, 
by mechanical, electrical, magnetic or hydraulic 
devices. Expressed another way, automation is com- 
plete when machines are supervised and controlled 
by machines. While the first industrial revolution 
greatly increased man’s capabilities in the spheres of 
the production and utilization of energy, the second 
industrial revolution, as automation has already been 
named, aims at taking from him the responsibility 
for guiding and controlling those processes whose 
complexity and speed of execution tax his reaction 
to the utmost limit, or which are continually repeated 
in the same sequence. If we consider, for example, the 
various rolling processes from this aspect, it will be 
immediately evident that this opens up enormous 


prospects for the project engineer. 


Purpose of Automation 


The first task is to define the aims to be achieved 
by the introduction of automation. If these aims are 
enumerated consecutively, the following picture is 


obtained. 


a. Increasing production 


This contains the requirement that an existing 
installation be utilized to the limit of its capacity and 


621.771.2-52 


the percentage wastage kept as low as possible. This 
not only means that the drives must be run at the 
limit of their load-carrying capacity, but also that 
time spent in manipulation, or otherwise unproduc- 


tive, be kept as short as possible. 


b. Improving quality 


Apart from the price of a product, its quality is a 
factor which governs its sales success. It must there- 
fore be the task of automation to eliminate as far as 
possible all those factors which adversely affect the 


quality of the final product. 


c. Reduction of the process costs 


This aim is partly achieved by the requirement in 
a. But in addition the reduction of wear and tear on 
the mechanical and electrical parts of the installation 
must also be mentioned. By automation, the move- 
ments and switching actions needed for the execution 
of the process can be reduced to a minimum. The 
extension of this to the entire installation reduces the 


risk of stoppages and prolongs the useful life. 


d. Relieving the operating staff 


Nowadays the operators are completely bound to 
the working sequence of the machines. Thus, the 
task of driving a modern, high-output billet mill 
imposes tremendous demands on the reaction of the 
operators. This strain can be relieved by automation, 
although the operator cannot be dispensed with 
altogether. He has to perform new duties in his 


capacity as superior authority. 


e. Making new processes possible 


This aim probably does not apply to rolling tech- 
niques at present, but it is quite feasible for methods 
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Fig. 1. — Process with several controlled variables 
The vertical arrows denote the reference inputs 


1 = Process 
2 = Control equipment 


to be developed in the future, in which the rate of 
human reaction is exceeded. Such developments are 


only made possible by automation. 


Stages in Automation 


Considering the wide field of automation some- 
what more closely, it may be seen to comprise four 


distinct stages: 


Close-loop control 
Programming 
Data logging and reduction 


On-line, program-controlled data processing 


Closed-loop control 


Here the task is to make a particular quantity 
follow a reference input as accurately as possible, in- 
dependent of all external and internal disturbance 
factors. One control loop can only refer to one physi- 
cal quantity. An automatic control system therefore 


always contains a number of control loops (Fig. 1). 


Programming 


This is the task of a device which can lay down a 
group of reference inputs. The sequence with respect 
) time in which these instructions are given is deter- 


ned by the material passing through the machine 
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Fig. 2. — Process with several controlled variables and program 
control 


The reference inputs are provided by the programming system. 
The arrow on the right indicates that the reference input is 
picked off by the material itself. 


1 = Process 
2 = Control equipment 
3 = Programming system 


or process. Programming assumes that the actual 
procedure was precisely stipulated in advance for 
all phases of the process (Fig. 2). Consequently 
program control requires a store for the program, i.e. 
the group of reference inputs. It must also have ele- 
ments for encoding and decoding, as well as con- 
verters in which the information, frequently provided 
in digital form, is converted into analogue form. For 
simple processes with a small number of different 
programs, combinations of decade switches are most 
commonly used as stores and programming devices. 
If, however, a process has to be performed in which 
the information content, though limited in extent, 
has to be frequently changed, the most suitable pro- 
gram carrier is the punched card. The program is 
sampled by a punched card reader and transferred 
to an instruction register, from which the various 
reference inputs are then called off by the material 
being handled. To change the program it is merely 
necessary to insert another card in the reader. For 
programs with a very large information content the 
limited storage capacity of the punched card is no 
longer adequate. In this case it is preferable to use 
punched tape. 
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Data logging 


A data logging system is one which can be given 
various data by hand, and is fed direct with measure- 
ments and, if necessary, combines these data and 
prints them out either in clear or in the form of a 
punched card. Hence the data logging system has to 
contain analogue-to-digital converters, encoding de- 
vices, addressing devices, stores, arithmetic unit and 
a means of reading out, according to the requirements. 
The encoding devices transform the digital signals 
from the analogue-to-digital converter into code 
form suitable for further processing. The addressing 
device allows storage space to be allocated for de- 
finite incoming information. The stores are provided 
in the form of static or core stores, according to the 
required capacity. The computer has to perform the 
addition, 


multiplication and division. The read-out device 


algebraic operations, i.e. subtraction, 
reads out the results in the correct lines and columns 
and controls the card punch or the printer for the 
clear text (Fig. 3). 

In a rolling mill the data logging system has two 
tasks, one of which includes production and quality 
control. For this task the data have to be emitted in 
such a form that they can be utilized as they are 
within the scope of the general scheme of factory 
management. The other task is obtaining data to 
determine the relationship between the process 
variables, such as temperature, resistance to deforma- 
tion, deformation torque, and so on. Normally a 
single data logging system is able to perform both 
tasks. But its structure must be flexible and adaptable. 
Above all, the second task can be a great help in 
improving the process as a whole, if the results of 
the data collection are systematically evaluated. ‘This 
enables causes of constantly recurring flaws to be 
recognized and eliminated. Moreover, it enables 
further insight to be gained into the relationship 
which must be known if an electronic computer is 


to be employed later to control the process. 


Data processing 


The program-controlled on-line data processing 
installation is a digital electronic computer which 
automatically calculates the reference inputs for the 
process out of the information fed in by the data log- 
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Fig. 3. — Process with several controlled variables, program 
control and data logging equipment 


In this installation the desired quantities are printed out either 
in clear or in the form of a punched card. The arrows on the 
right of 4 indicate information introduced by hand. 


J == Process 

2 = Control equipment 

3 = Programming system 
4 = Data logging system 
5 = Card punch 

6 = Printer 


ging system, according to a prescribed program 
(Fig. 4). To be able to utilize such a machine, the 
process must be available in the form of a mathe- 
matical model. This model can be obtained theore- 
tically or empirically. It should, however, describe 
the relationship in the process completely and un- 
ambiguously. Present knowledge of the rolling 
process is so far inadequate to permit the establish- 
ment of a model of this nature, so that a great deal 
of spadework is required in this respect. But as soon 
as the establishment of the fundamentals is achieved, 
on-line data processing will offer several advantages 
over program control. 

The advantages from the aspects of management 
and production are particularly obvious when a 
large number of rolling programs are constantly 


required and frequent change of program must be 
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Fig. 4. — Process with several controlled variables, program 
control, data logging and on-line data processing 


The data processing system obtains its information regarding 
the process from the data logging system and processes it 
according to a present program. The arrow on the right indicates 
the transfer of the computed values to the programming system. 


1 = Process 

2 = Control equipment 

3 = Programming system 

4 = Data logging system 

5 = Card puncher 

6 = Printer 

7 = On-line data processing system 


reckoned with. A recent article in the literature [1], 
for instance, describes the programs used for a slabb- 
ing mill, for which 100000 punched cards were 
prepared. In such a case the superiority of on-line 
data processing from the point of view of manage- 
ment is obvious. The other major advantage is that 
the computer can really utilize the installation to the 
limit of its capacity. On the other hand, straight- 
forward program control must always be based on 
certain idealized assumptions regarding dimensions, 
temperature, weight, etc. But since the actual con- 
ditions always differ from the assumed conditions to 

certain extent, it is practically impossible to achieve 


imum loading of the installation. 


If the data logging system and the data processing 
equipment are treated as a single system, the follow- 


ing functions can be performed: 


Information gained from the process. 


Solution of the equations giving the relations be- 
tween the variables, taking into account the condi- 
tions for optimizing and provision of the reference 


inputs for the control loops. 


Recognition and localization of abnormal or 


dangerous situations. 


Alarming the control staff when situations arise 
which are not included in the program of the 


computer. 


Determining and expressing various data which 
are important as regards economic operation, or 


for subsequent treatment. 


Classification of the product according to quality 
and quantity. 


Preparation of a production report, hourly or per 


shift. 


Whether all these functions can be performed or 
not will depend on the’speed of computation and the 
time available. Since the computer is directly connec- 
ted to the process, the time available is governed by 
the process itself. The computation speed of an elec- 
tronic digital computer is indeed very fast, but the 
machine can as a rule only perform one operation at 
a definite instant. Since all steps consequently have 
to be performed successively, it is only possible to 
perform a certain number of steps in a given total 
time. The question of whether all desired functions 
can be executed can usually only be answered when 
the fundamental program of the computer has been 
established. 


Aptitude for Automation 


The introduction of automation presumes that the 
process in question, or the installation concerned, is 
suitable. This means that automation must be techni- 
cally feasible and economically justified. The aptitude 
can be generally described by the following criteria. 
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The process must have a high output capacity and 
a correspondingly high production value. 


The process should be completely mechanized, 
i.e. the product does not have to be manipulated 


by hand, and all settings are performed by motors. 


The process should be complex, i.e. involving 


numerous variables affecting quality and output. 


The relationships between the variables must be 


known theoretically or empirically. 


It must be possible to measure the variables 
continuously. 


It must be possible to improve the output and 
quality of the product. 


If these criteria are applied successively to the 
various methods of rolling, i.e. reversing hot rolling, 
continuous hot-strip rolling, rod and merchant mills, 
large tandem mills and reversing cold-rolling mills, 
the following picture is obtained. All of them are 
notable for their high output and the resultant low 
unit price of the product, despite the high production 
value. A mere increase of 1% in the output can 


amortize quite a high investment in only a few years. 


The installations are completely mechanized. The 
most important settings, such as the roll gap and the 
lateral displacement, are performed by auxiliary 
motors. This does not apply to rod merchant mills 
where the screwdown is by hand. Since the screw- 
down setting is one of the most important variables 
in the whole rolling process, the stipulation that there 
should be no manipulations by hand is not fulfilled. 
Hence, in their present form, these installations are 
unsuitable for anything more than partial program 
control, and are certainly not ripe for on-line data 
processing. 


The output and quality are affected by numerous 
variables in all processes. In many cases the exact 
relationships are not yet known. Furthermore, the 
rolling speeds are often so high that the speed of 
reaction of the operators is exceeded. 


Since precise scientific fundamentals only exist in 
the form of hypotheses at present, it is customary to 
employ well-known empirical methods. It has been 
asserted that rolling is an art and not a science, but 
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the art into a science. 

The continuous measurement of the process vari- 
ables will pose a number of very difficult problems. 
Measuring methods which allow the friction between 
the stock and rolls, for example, to be determined, 
or the spread or forward slip, still have to be dis- 
covered. This will necessitate considerable develop- 
ment work. 

Thus all processes can be improved with respect 
to output and quality. An improvement in the output 
is made possible by shortening the times during 
which the plant is non-productive and by making 
the most of the capacity of the drive machines. The 
average quality can be enhanced by eliminating 
faulty settings and manipulations due to the operators 


becoming tired. 


Preliminaries to Automation 


If a process is to be rendered automatic, the task 


may be divided into two main fields, namely 


analysis of the system and 


the technical solution. 


The analysis of the system has to be carried out step 
by step, with close collaboration between the rolling- 
mill management, the electrical engineers and the 
mechanical engineers supplying the equipment; it 


will provide the following information. 


The fundamental task ofautomation, i.e. increasing 
the output, obtaining data for the factory manage- 
ment, etc. If several tasks are involved, their 


respective priority has to be settled. 


Determination of the optimum conditions, e.g. 
shortest pass time, operation of the drives at maxi- 
mum efficiency, most favourable mean power 
factor, and the like. 


The mathematical model of the process, i.e. the 
system of equations relating the variables involved. 
This model may be established theoretically or 
empirically. In practice the theory will provide the 
functional relationship, while those parameters 
which cannot be exactly determined theoretically 
will have to be settled empirically. If a model 
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cannot be established on this basis, it may be 
possible to find a system representing the decisions 
and actions of the operators. As knowledge of the 
process increases, this program can be improved 


and perfected. 


The individual operations in the process, their 
sequence with respect to time and their mutual 


relationship have to be settled in all details. 


The quantities to be measured have to be stipu- 
lated and appropriate measuring methods chosen. 
The question of the measuring method is indeed 


one of the most important in the whole problem. 


When considering these tasks in the analysis of the 
system it will be recognized that a whole series of 
fundamental questions have to be studied. Brown 
Boveri commenced this study in good time on a 
general basis. A valuable foundation was provided 
by the many years’ experience in projecting and 
supplying control systems for rolling-mill drives of 
all kinds. 

As regards the second heading, the technical 
solution, there is a great deal of preliminary work to 
be done here too. The tasks expressed in detail by the 
analysis of the system now have to be solved techni- 
cally. Since the actual task imposed may vary within 
wide limits, a building-block system containing all 
the essential functions is a convenient solution. A 
system of this kind must include analogue and digital 
techniques, and permit the free combination of ana- 
logue and digital components. All the basic compo- 
nents, such as logic elements, stores, counters, signal 
delaying elements, the elements for the basic func- 
tions, such as addition, subtraction, multiplication 
and division, the integrating and differentiating 
elements, amplifiers, function generators, analogue- 
to-digital and digital-to-analogue converters, etc., 
must all be available. The building-block system has 
to be developed on general lines, yet must carefully 
weigh up all possibilities. The basis thereby created 
can then be augmented by specially adapted parts to 
suit individual requirements. 

Very severe demands are made on the parts, 
particularly as regards their reliability. This is a 
prime consideration for automation. Consequently 
ourely static elements have to be used, which may 


be loaded to a fraction of their limiting capacity. 


Only carefully selected components of extremely 
high quality may be employed. When planning the 
automatic system much can also be done as regards 
the reliability. Finally it must be borne in mind that 
the power level has to be sufficiently high to afford 
a safe margin against stray capacitive and inductive 
interference. 

The above conditions stipulated for the building- 
block system are all fulfilled by the Brown Boveri 
electronic system, described in an earlier number of 
this journal [2, 3]. With this system, which can be 
extended almost at will, it is possible to solve present 


problems, as well as those likely to occur in the future. 


The Present State of the Art 


Bearing in mind the four states of automation, it 
is easy to recognize that the first stage—closed-loop 
control—has been introduced almost everywhere in 
the sphere of rolling-mill drives. Nowadays the speed, 
current, torque, tension, size of loops, position, etc., 
are controlled, almost as a general rule. The control 
systems have reached a high standard, fulfilling all 
requirements regarding accuracy, rapidity and reli- 
ability. Most systems operate on an analogue basis, 
but for extreme accuracy mixed digital-analogue 
systems have been employed, the desired values in 
which are expressed in digital form. However, it 
must be underlined that almost all closed-loop control 
systems refer to electrical and mechanical quantities 
of the drive, e.g. the current and the speed, whereas 
the actual process variables are not directly controlled 
as such. This is associated with the difficulty of meas- 
uring the desired mechanical quantities economically 
with the necessary accuracy. Thus, for instance, the 
tension which the reel of a cold-strip mill has to 
produce is regulated by keeping the current of the 
drive motor constant. This current is directly pro- 
portional to the tension when the acceleration and 
loss components are compensated. It would natur- 
ally be better to control the tension direct, but this 
would imply that it must be measurable. There are, 
of course, dependable tensiometers available, but 
often they cannot be used, for economic or technologi- 
cal reasons. As measuring techniques progress, there 
will in future be an increasing tendency to go over 
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to the direct control of mechanical quantities, which 
will then be superposed on the control of quantities 
belonging to the drive. 

The second stage—program control—has been 
adopted already to a certain extent for the screw- 
down of reversing hot rolling mills and reversing 
cold-strip mills. Screwdown control is a positioning 
problem. From the control aspect it requires posi- 
tional control with a digital input of the desired 
position, in order to achieve the necessary accuracy 
of less than 0-1 °% of the total travel. The individual 
gaps are put in in the form of a decadic dimensional 
number with the aid of a punched tape or decade 
switches. The actual-value transducers are in the 
form of servo-systems, whereas the digital desired 
value is converted into the analogue value via the 
tappings of a transformer. This method has already 


been described in detail in an earlier article [4]. Here 


TABLE I 


Operational values of a supposed rolling process in a universal 
stand with edging stand 


Rolling Entry 
speed speed 
as % of as % of 
max. speed | max. speed 
70 25 
70 40 
85 25 
85 40 
100 30 


TABLE II 
Precoded values for the rolling process in Table I 


Screw- Rolling Entry 
age n,/ny down speed speed 
No. 

Be mm % % 


TABLE III 


Rolling program as represented on the punched card in Fig. 5, 
using the decimal code (1 from 10) 


Address 
Information 
Column Line 
1 11 Check on zeroing of 
punched card 
Ist pass 
2 ie Screwdown 
3, 4and 5 1-10 
2 3-10 Speed ratio, stand I to 
stand II 
6 1-5 Rolling speed 
6 6-10 Entry speed 
7-11 1-10 2nd pass 
12-16 1-10 3rd pass 
52-56 1-10 11th pass 
of last pass 12 Instruction: slide return 
57-72 1-12 Data logging 
73-80 NYS pe Instruction word 
73-80 1-10 Address of punched card 
(program number) 


it is merely mentioned that resolution to four places 
of decimals is quite feasible. 

Program control of reversing hot mills has, 
however, already made some progress. For the uni- 
versal stand and the edging stand of a medium-section 
mill the Company has supplied a complete program 
control for the main drive. The program is intro- 
duced by decade switches and covers the entry speed, 
roll speed, and the ratio between the speed n, of the 
universal stand to the speed n, of the edging stand. 
The sequence of the individual instructions is 
controlled automatically by the rolling stock actuat- 
ing photocells and pressure cells. This also applies to 
the automatic initiation of braking and reversing. 
Preselection of the program by decade switches can 
be replaced at any time by punched card program- 
ming [5]. Table I shows a possible rolling program. 
This program is first encoded in such a manner that 
long words, such as ‘minus 20%’, are replaced by 


simpler numbers. The result is Table II. 
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Fig. 5. —Card punched with the program in Tables I, II and III 


The transformed program as in Table II is then 
punched in the card using the decimal code (1 from 
10). The address code is shown in Table III, the 
punched card itself being illustrated in Fig. 5. 

The card is produced on a punch (Fig. 6). A stack 
of uncut cards is inserted in the machine and fed 
on to the bed by the feed mechanism. The desired 
address is set up on the keyboard and can then be 
punched in one or more cards, depending on the 
number of duplicates required. 

At present the Company are working on two 
reversing hot mills with complete punched-card 
program control [6]. Apart from the speed variation 
during a pass, the program also contains the setting 
of the roll gap, the pusher opening, the tilting process 
and instructions for the roller tables. The moment 
at which braking is started is automatically computed 
in terms of the speed. The instructions for reversing 
and the settings for the next pass are picked off by 
the material itself. It should also be noted that the 
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Fig. 6. — Card puncher 


movement of the side-guards for tilting is also com- 
puted automatically from the diagonals of the ingot. 
A diagram showing the layout of the program- 
controlled reversing mill is reproduced in Fig. 7. The 
flow of information for the automatic billet mill is 
shown in Fig. 8. The heart of the installation is the 
instruction register; it stores the number of the roll 
groove, the roll gap and the rolling speed for each 
pass. The values of these quantities are transferred 
via the decoder to the instruction register either by 
the program preselector or the punched-card reader. 
From the register the various items of information are 
conveyed to the units producing the desired values 
for the positions of the pushers and screwdown, as 
well as for the speed of the main drive which, in this 
case, was assumed to be a twin drive with separate 


desired-value units. The speed program is first 
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automatically controlled billet mill 
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prepared in the instruction register, then, by means 
of sensors on the rolling mill, is switched by a range 
selector switch from the entry speed to maximum and 
back to the delivery speed. With automatic control 
the change to the next pass is effected without any 
further instructions, as part of the program. If 
desired, though, it can be effected by hand, even if 
the preselection of the program is performed by 
decade switches or punched cards. This is then known 
as semi-automatic operation. Generally speaking 
reversing mills will in future always be equipped with 
some form of program control. 

For the third step, data logging, important prelim- 
inary work and fundamental studies have already 
been carried out regarding the design and principle. 
In the near future such equipment will be introduced 
to an increasing extent for output and quality control. 
It represents an essential preliminary stage before 
on-line data processing. The latter will be introduced 
in easy stages. Individual functions will be successively 
extracted from program control and transferred to 
an electronic computer. The extent to which this is 
possible will grow as the knowledge of the basic 
relationships in the rolling process increases. One 
step, for instance, will be to calculate the speed pro- 
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gramme during each pass automatically, with due 
allowance for optimization. It will be years before 
the last stage is completely introduced, because not 
only have the mathematical formulae to be establi- 
shed, but also the methods of measurement and suit- 
able transducers still have to be developed, to supply 
the necessary information to the on-line data pro- 
cessing system. 


(KME) H. MEYER 
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REPERCUSSIONS ON THE THREE-PHASE SUPPLY SYSTEM 
OF CONVERTER-FED D.C. DRIVES 


D.C. drives fed from static converters impose a certain 
reactive load on the supply system, depending on the method 
of operation employed. The consumption of reactive power 
is caused by the combined operation of the transformer and 
the converter, and depends mainly on the degree of control 
of the latter. Determination of the reactive load which may 
be expected and judging what effect this will have on the 
supply system is a very important task for the project 
engineers. Apart from circuits with an inherently high power 
factor, an ideal method of compensating for rapidly rising 
and frequently repeated reactive load peaks is the synchro- 


nous capacitor excited by static converters. 


OLLING-MILL drives fed from static converters 
consume varying amounts of reactive power 
from the mains, depending on the working sequence 
and the particular type of rolling mill. It is important 
to know whether the d.c. voltage is varied between 
zero and maximum, how heavy the current is during 
the time in question, and how rapidly it has to rise. 
Generally speaking, the variation with respect to 
time of the direct current and voltage is a primary 
factor in determining the relationship of active to 
reactive load for converter-fed drives. Since the 
armature voltage and current of a d.c. motor are 
largely governed by the stipulated speed and torque, 
this determines the relationship between the rolling 
mill and its electric drive. 

Briefly, the following are the various kinds of 
rolling mills driven by d.c. motors, with the charac- 
teristic operating features: Reversing mills producing 
blooms and slabs, which are characterized by very 
high torque and very short working sequence, with 
speeds constantly varying between zero and the 
maximum in either direction; following these, with 

rogressive deformation of the material, come the 


ad-strip mills. They convert the strip from the 


621.313.2:621.314.65.004.64 


reversing mill to sheets in a continuous succession 
of rolling stands. In operation, the rolls of these 
stands only rotate in the one direction, their speeds 
only being changed from one programme to the 
next. The change in speed is mostly effected by 
varying the excitation current, so that the armature 
voltage remains almost constantly at its maximum 
value. At the end of the rolling process are the 
various types of cold-strip mills and cold tandem mills, 
where usually the very long strip is wound off and 
on coilers before and after the rolling stand. If the 
products from the blooming mill are followed in the 
same manner, the reversing mills are followed by 
medium and small reversing stands which turn out 
billets and sections. The billets are the material from 
which wire and rod are produced, usually in a 
succession of several continuous hot mills. 

Table I lists the characteristic data of the drives 
of the mills referred to above. These figures may be 
regarded as extreme values, which are most interest- 
ing when considering the reactive power required 
from the supply system. 

The speed of a d.c. motor is varied from zero to 
its basic speed by varying the armature voltage. If 
the motor is fed from static converters, the d.c. 
voltage has to be varied between wide limits by 
grid control, resulting in a correspondingly high 
reactive power consumption from the supply mains. 

This reactive load will now be examined, without 
going into the properties of the grid-controlled 
mutator. If a d.c. motor, whose field is constantly 
excited, is uniformly accelerated from zero to the 
basic speed, the current in the armature circuit is 
constant throughout the entire run-up period. The 
magnitude of this current is governed by the rotating 


masses, which have to be accelerated within a certain 


—_ 


' 
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TABLE I 
Installed Power Speed Nature Duration 
Type of rolling mill power per drive range of duty of sequence 

kW kW rev/min s 
Reversing blooming and slabbing mill 10 000 5 000 0 +40/80 intermittent 3-7 
Broad-strip mill 40 000 4 500 250/500 continuous * = 
Cold-strip mills 
Rolling stand 2 000 2 000 0 +300/600 intermittent 10-600 
Coilers 3 000 1 500 0 4500/1800 intermittent 10-600 
Reversing mills producing sections and billet 3 000 3 000 0 +80/160 intermittent 10-60 
Continuous billet mills 10 000 1 000 500/1000 continuous * - 
Continuous rod and wire mills 7 500 400-800 500/1200 continuous * - 


* Continuous operation with periods at no-load 


period (acceleration torque); another component of 
the current is determined by the load torque, i.e. 
the rolling torque. The active power imparted during 
this period by the motor to the shaft is zero when at 
standstill, increasing with the speed. Disregarding 
the losses, the same applies to the active power sup- 
plied by the mains. 

If the armature circuit is connected to the mains 
through mercury-arc converters, this means that a 
current of a certain absolute value has to be supplied 
by the system during the run-up period. At the 
beginning of the run-up, i.e. when the speed and 
active power are zero, this current on the system 
side can only be reactive. The phase angle between 
the mains current and voltage only begins to change 
when the active power rises with increasing speed. 
The reactive component drops with growing active 
component. With large reversing drives the starting 
currents of the d.c. motors are of the order of several 
thousand amperes, the period between zero and full 
speed being seldom longer than | second. The starting 
or reversing operations are regularly repeated at 
intervals of a few seconds. In order to attain such 
short run-up times, the armature current must rise 
as rapidly as possible. In most cases, therefore, the 
maximum possible rate of rise of the armature cur- 
rent is exploited; for large d.c. machines, having 


due regard to their commutation properties, this is 
of the order of three times their rated current per 
Onl *s: 

Before examining the effects of reactive load surges 
on the mains any further, it is worth while mentioning 
the main properties of grid-controlled converters, 
which have been described as “‘statically operating 


multi-pole switching devices’’. 


Mean D.C. Voltage and Reactive Power 
of Grid-Controlled Mercury-Arc Converters 


For feeding the armature circuit of d.c. machines 
through converters, at least from medium to high 
powers, the accepted practice is to employ polyphase 
converter circuits. From the three voltage vectors 
of the three-phase supply system it is possible to form 
polyphase systems by transformation. The individual 
phases of the anode voltage are successively connected 
to the cathode through the mercury arc, which 
always burns at the anode whose phase voltage is 
positive relative to the voltages of the other phases. 
In the uncontrolled converter the changeover from 
one anode to the next always occurs at the natural 
firing point and the rectified voltage is formed by 


the upper portions of a sine wave. In the controlled 
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itator, on the other hand, this firing point is 

isplaced. Depending on the part of the sine curve 
connected to the cathode during the arcing time, 
the mean value of the d.c. voltage may be smaller 
or larger. 

The various anodes carry the current successively 
and the direct current, which flows between the 
cathode and the neutral of the transformer, is com- 
posed of successive packets of current. In consequence 
the currents flowing in the various windings of the 
converter transformer and finally in the supply 
system have a rectangular or stepped wave-form, 
thus deviating from the sinusoidal form. Depending 
on the number of phases and the arrangement of the 
circuit, the current in the three-phase system is 
distorted and harmonics are produced. If the d.c. 
voltage is varied by grid control, the current in the 
mains is displaced relative to the voltage; reactive 
power is consumed. 

Speaking in general terms of the effect of converter- 
fed drives on the a.c. mains, it is usually the effect of 
the harmonics imposed on the three-phase current 
which is meant, together with the reactive load, 
which varies in magnitude according to the nature 
of the drive and the extent of grid control. These fac- 
tors attain their maximum with reversing drives of 
blooming mills, where the load may rise to three times 
the effective d.c. load. These inductive load surges, 
which—particularly with reversing drives of bloom- 
ing mills—are repeated at intervals of 2 to 5s, make 
it very difficult to maintain the mains voltage, even 
when the system forms part of a network supplying 


an area with a very high load density. To correctly 


p=3 
Uso = 1,17. U 0 
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judge these requirements on the supply system and 
to estimate the effect, it is necessary to know 
something about the combination of converter and 
transformer. The general electrical conditions in the 
converter will therefore first be recalled by referring 
to the simple hexapulse mid-point connection. This 
connection has hardly any practical significance, 
but it does allow the phenomena to be clearly 
illustrated. First the curve of the d.c. voltage may 
be studied, consisting of a p-pulse symmetrical system 
provided by the converter. It is assumed that the 
individual phase voltages are equal, with the r.m.s. 
value U,,, as given by 
U, 


aa (1) 


U.. =the r.m.s. value of the fundamental wave 


Un = 


where 


Un = the peak value of the anode voltage. 


Fig. 1 shows the fundamental with its r.m.s. value 
and the curve of the ideal d.c. voltage for pulse 
numbers of p = 3 or 6. As will be observed, the arcing 
time for each anode is 277/p. The mean value of the 
ideal d.c. voltage U gig is shown as a multiple of the 
r.m.s. value of the fundamental for the pulse numbers 
3 and 6. 

The formation of the d.c. voltage from the upper 
parts of the sinusoidal voltage results in harmonics 
in the d.c. For reasons of periodicity, the only har- 
monics that can appear are those given by a whole- 
number multiple of the pulse number p. Associated 
with each harmonic of the d.c. voltage are two a.c. 
harmonics having the adjacent ordinal numbers. The 


Uso = 1,35. Un 


Fig. 1. — Curve of the ideal d.c. 
voltage for pulse numbers of 3 and 6 
Uym = Peak value of the anode 

voltage 


Uy» = R.MLS. value of the 
fundamental wave 


Udgio = Mean ideal d.c. voltage 
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magnitude of the harmonic current produced in the 
primary system by the converter is governed solely 
by the number of phases of the transformer winding 
on the converter side. The nature and the importance 
of the repercussions of primary harmonics was dealt 
with the article on pages 144—51 of the Brown Boveri 
Review 1955, Vol. 42, No. 4/5. The relationship be- 
tween the effective harmonics of the d.c. and the 
primary a.c., and their variation with the degree of 
control and the impedance voltage of the trans- 
former, is contained in IEC publication No. 84, 
issued in 1957. 

The best way to gain a clear picture of the phenom- 
ena involved in the conversion of current is to start 
with the direct current flowing between the cathode 
of the converter and the neutral of the transformer, 
splitting it up between the individual anodes and 
by determining the primary currents in the trans- 
former from the anode currents obtained. With suit- 
able combinations it is finally possible to obtain the 
currents taken from the supply system. This step-by- 
step procedure is shown in Fig. 2 for a simple hexa- 
pulse mid-point circuit, for which the primary wind- 
ing is in delta. From this illustration the reason for 
the stepped wave-form of the current on the a.c. side 
is evident. During the arcing time of anode 3 the 
cathode is connected to the secondary winding U 
of the converter transformer. Flowing in the circuit 
from the cathode, through the load, back to the 
neutral of the transformer, is the current J,. As usual 
for such basic considerations, this circuit is assumed 
to possess an infinitely large inductance, thus eliminat- 
ing all pulsation from the direct current. A corre- 
sponding current also flows in the winding U on the 
mains side of the converter transformer, producing 
mains currents in the phases R and S, in the same 
sense in phase R and in the opposite sense in phase S. 
If this analysis is carried out for all anodes concerned 
with carrying current, the mains currents of the con- 
verter set are obtained. The individual current blocks 
and their fundamental wave are indicated in Fig. 3. 
The shape of the mains current is shown again in 
Fig. 3, with the fifth and seventh harmonics as well 
as the fundamental. The ratio of the r.m.s. value of 
the primary current to the r.m.s. value of its funda- 
mental is referred to as the distortion factor v of the 


uncontrolled converter with purely resistive load. 
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Fig. 2. — Curves of the currents in a hexapulse mercury-arc 
converter 
tp, ig, t7 = Mains currents 
iy, ty, tw —=Currents in the line-side winding of the 
converter transformer 
1, 2, 3, 4, 5, 6 =Secondary transformer phases 
21, l25 135 t4, 15, 7g = Anode currents of transformer phases 


I,= Direct current 


This factor indicates the extent of the distortion 
power caused by the harmonics. Table II shows its 
values for three, six and twelve-pulse systems. 
Compared with the reactive component caused by 
the commutation in the converter and its grid con- 
trol, and finally by the reactive power of magnetiza- 


tion, this factor is of minor significance. 


TABLE II 
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Fig. 3. — Wave-form of the mains current for a hexapulse 
circuit with the primary winding of the converter transformer 


connected in delta 


1 = Mains current 
2 = Fundamental wave of the mains current 
3 = Fifth harmonic of the mains current 


4 = Seventh harmonic of the mains current 


Following this recapitulation of the basic principles 
of the polyphase converter as a static switching 
element, the main factors responsible for the produc- 
tion of the reactive power will be examined. The 
example of the simple hexapulse circuit shown in 
Fig. 2 will be used, and from the diagrams the mains 
current in phase R, the curve of the anode voltages 
and the direct current are taken over. The composi- 
tion of the d.c. from rectangular blocks may be 
adopted, assuming the transformer is free from leak- 
age and the direct current is ideally smoothed by a 
cathode reactor of infinite capacity. In this case the 
fundamental of the primary current and the primary 
voltage are in-phase. 

Due to the various reactances X, on the a.c. side, 
among which that of the converter transformer plays 
a very important part, the commutation of the in- 
dividual anode currents does not take place in- 
stantaneously, but lasts a certain time. The higher 
the impedance voltage of the transformer and the 
larger the system reactances, and the heavier the 
operating current of the converter, the longer this 
time is. To explain the conditions during the change 
from one anode to the next by the current, the case 
of simple commutation will be assumed, i.e. outside 
the commutation period only one anode shall carry 
current, and during this period only two anode 
currents shall flow. ‘The various reactances on the a.c. 


side are regarded as a lumped anode reactor. The 
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Fig. 4. — Currents and voltages of a hexapulse system with 
respect to time, for uncontrolled operation, not allowing for line 


inductances 


a: Line side 
Uz; = Phase voltage 

I; = Mains current 

I, = Fundamental of mains current 


b: D.C. voltage 
€;-€s = Secondary phase voltages 
Ugo = Mean d.c. voltage 


c: Formation of the direct current 
by combination of successive 
anode currents 


direct current on the d.c. side is again assumed to be 
ideally smoothed, an assumption which applies to all 


subsequent cases considered. 


The current changeover is illustrated in Fig. 5: 


On changing from anode | to anode 2, the second 
anode fires while the arc is still burning on anode 1. 
Thus the two anodes are connected through the arc 
and the momentary difference in the anode voltage 
drives a short-circuit current, which is only limited by 
the lumped anode reactor. This short-circuit current 
builds up the current at anode 2 and reduces that 
at anode | to zero. This phenomenon, which takes 
place between ¢, and ¢,, is known as overlapping. 
Its duration is measured in electrical degrees and 
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referred to as the angle of overlap u,. At full voltage, 
i.e. when the delay «=O, the value of wu, is u. Since 
the short-circuit current is sinusoidal, the build-up 
and drop of the anode current follows part of the 
sine wave. The maximum value the overlap can 
attain with simple commutation, before a third anode 


can take over the current-carrying duty, is shown in 
Table III. 


TABLE III 


Commutation, i.e. the overlapping of the anode 
currents, assuming for the time being that the con- 
verter is uncontrolled, causes an additional drop in 
the d.c. voltage, due to the elimination of the voltage- 
time area shown hatched in Fig. 5. This drop is due 
to the reactances on the a.c. side and is denoted by 
D,, the inductive d.c. voltage drop. At the same 
time the theoretically rectangular wave-form of the 
anode current flattens out, a deformation which 
affects the stepped form of the mains current; the 
larger the angle of overlap becomes, the nearer the 
current wave-form approaches the sine wave. The 
inductive d.c. voltage drop D, reduces the ideal no- 
load d.c. voltage Ugg to the mean d.c. voltage U,. 
It is common practice to refer this voltage drop to 
the ideal no-load d.c. voltage and express it as a 
percentage. The figure thereby obtained is known as 
the percentage d.c. voltage drop d,; this is a specific 
voltage drop for which the following equation ap- 


plies : 
d,= semen ee |e 2100 —'(1 — cos). 100 
Udi Udy 2 


(2) 


The larger the reactances on the a.c. side and the 
larger the service current of the converter, the greater 
the overlap. In uncontrolled operation the following 
expression applies 


X; 1, 


aS ce ae 
2 /2U,, sin rn 


1 
> (1—cosu) = 
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Fig. 5. — Currents and voltages of a hexapulse system with 
respect to time, for uncontrolled operation; explanation of overlap 


a: Line side 
U,, = Phase voltage 
I, = Mains current 
I, = Fundamental of mains current 
gy = Displacement between phase 
voltage and fundamental wave 
of the mains current 


b: D.C. voltage 
€;—€3 = Secondary phase voltages 
Udio = Mean d.c. voltage 
t, = Start of overlap 
tg = End of overlap 
u = Overlap angle 


c: Formation of the direct current 
by combination of successive 
anode currents 


As may be seen from Fig. 5, the overlap causes a 
phase displacement g between the fundamental of 
the mains current and the mains voltage. This gives 
rise to a further component of the reactive load, the 
reactive power of commutation. 

The curves of the voltages and currents in the grid- 
controlled converter, allowing for line inductances 
and assuming an infinitely large inductance in the 
d.c. circuit, are shown in Fig. 6. The mean d.c. volt- 
age in terms of the delay angle « is given by 
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Fig. 6. — Currents and voltages of a hexapulse system with 
respect to time, for controlled operation 


a: Line side 
Uy; = Phase voltage 

I, = Mains current 

J, = Fundamental of mains current 


gy = Displacement between phase 
voltage and fundamental wave 
of the mains current 


b: D.C. voltage 
€;-€s = Secondary phase voltages 
Ugio = Mean d.c. voltage 
t, = Start of overlap 
ty = End of overlap 
u = Overlap angle 


c: Formation of the direct current 
by combination of successive 
anode currents 


Ugg = Ugg * cose (4) 


In Fig. 6 the momentary values of the anode voltages 
and currents are marked. During the commutation 


period, we now have 


4% Ay dt 
2 ~ @ dt (5) 


while, for the instant wt = —7/p+u we may write 


Xi; Li 


cos a —cos (a+ u) = (6) 
= 5 aoe 
2 Ui ci 
p 
If the same service current is assumed for the equa- 
tions (3) and (5), the expressions on the left-hand 
sides can be equated, thereby giving the following 


expression for the angle of overlap 

u=cos-! (cos « + cos %—1) —@ (7) 
This implies that the overlap wu decreases with grow- 
ing delay of the firing point. This may be explained 
by the fact that, owing to the abrupt change in 
voltage to the succeeding anode voltage, the following 
anode current begins with a finite initial tangent. 
The greater the delay « of the firing point, the nearer 
the anode current during the commutation period 
approaches a linear rate of rise. 

From Fig. 6 it will be observed that the momentary 
d.c. voltage drop is given by half the difference be- 
tween the two anode voltages concerned, i.e. 
1% (u,—u,). Since no other inductive drop occurs, 
outside the commutation period, the d.c. voltage 
drop d,, expressed as a percentage of the no-load 


voltage is given by 


fees: HOM (8) 


The absolute inductive d.c. voltage drop is inde- 
pendent of the degree of control of the converter. 
Applied to the two diagrams in Fig. 5 and 6, this 
denotes the same area as that of the hatched area 
below the voltage-time curves. 

The inductive component of the d.c. voltage drop 
d, is largely determined by the impedance voltage e, 
of the converter transformer. For a particular connec- 
tion there is a definite relationship between these two 
quantities. Since the absolute inductive voltage drop 
is independent of the degree of control of the con- 
verter, the figures given in Table IV apply to both 


uncontrolled and controlled converters. 


Ax [Ax | 44y 


ds 0.5* 0.5 


— 1-5 


ex 


* With complete linkage of the secondary winding. 
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In the grid-controlled converter the firing delay 
and overlap cause the anode current to be displaced 
with respect to the anode voltage. The result of this 
is that the fundamental of the current on the line 
side lags behind the voltage, giving rise to reactive 
power. 

In addition to the reactive load components due 
to the grid control and overlap, there comes a third 
component, the reactive power of the transformer at 
no-load. This consists of the magnetizing reactive 
power, which is almost independent of the load. ‘If 
the ratio of magnetizing current to the primary cur- 
rent on-load, or to the direct current J, is denoted by 
x and the ratio at full-load or at J,, by x’, we may 


write 


554 (9) 


To Estimate the Power Factor 


of a Converter Installation 


Owing to the primary current not being sinusoidal, 
the power factor of a converter installation is not 
equal to the cosine of the phase displacement; a dis- 
tinction must be made between the power factor A 
and the displacement factor cos y. These two factors 
are defined (IEC Publ. 84, 1957) as follows: 


active power 


Total power factor 4 = = vcosp 


apparent power 


Displacement factor cosg = 


active power of fundamental wave 


~ apparent power of fundamental wave 


Distortion factor = v 


The total power factor would be the governing 
factor if the converter were the sole load on the 
supply system; in practice the deciding factor is the 
power factor of the fundamental wave of the current. 
The displacement factor of a converter installation, 
allowing for grid control, inductances on the line 
side and the no-load current, is given by the following 
expression 


2Qu+sin2«—sin2(«-+u) 2p x 


~ 4[cos a —cos(«%+u)] v 


tan7! 


cos~ =cos ; 
z [cosa -+-cos («-+-u) ] 
(10) 
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From the preceding chapter we now know all the 
quantities occurring in the above expression. Whereas 
the delay angle «, the percentage magnetizing cur- 
rent x and the distortion factor v are fixed for a 
definite degree of control and circuit arrangement, 
the overlap wu is a function of the delay «, the induc- 
tive voltage drop d, and the load J,/I,,: 


+) 
Tay 


To provide a rough estimate of the displacement 


w=E(asd, (11) 


factor when a quick calculation has to be made, the 
two expressions (10) and (11) are shown graphically 
in Fig. 7 and 8. 


As an example a reversing blooming mill is con- 
sidered, having a cut-out torque of 300 mt, a basic 
speed of 40 rev/min and an effective power of 
4500 kW. At an armature voltage of 1300 V the 
rated current is assumed to be 4800 A. The voltage 
drops at rated current are the armature voltage drop 
of 80 V, the drop D,, of 20 V due to copper losses in 
the transformer, the arc voltage D, of 25 V in the 
converter and finally the impedance voltage e, = 10%. 
On the assumption that the inductive d.c. voltage 
drop is largely determined by the impedance voltage, 
it follows from Table IV for the connection with 
interphase transformer that d,/e,=0-5. The no-load 
voltage satisfying the condition that, at 300 mt— 
corresponding to 2-75 times the rated current—the 
terminal voltage should be 1300 V, is then calculated 


as follows: 
Ty vf 
Udig = Uz | 14+ —— x 0-5 Xe,|} + —* x D, + D, 
In Ty, 
= 1300(1+ 2°75 x 0-5 x 0-1) + 2-75 x 20+ 25 
= 1560 V 


The apparent power corresponding to this case be- 


comes 
2:75 UdigIg, = 1560 x 4800 x 2-75 VA= 20:5 MVA 


In order to produce a current of 2-75 J, at standstill, 
the delay must be so large that the voltage amounts 
to 1560 — 1300 = 260 V. This corresponds to a delay 


of 
cos % = 260/1560 = 0-166 


giving a delay angle of « = 80°. 
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Fig. 7. — Displacement factor cosp of a converter with any 
pulse number, allowing for line inductances but ignoring the 
no-load current of the transformer 


cos p = Displacement factor 
% = Delay angle 
u = Angle of overlap 


From the curve in Fig. 8, for an inductive voltage 
drop of 0-5.¢,.2-75 =0-137, we obtain an overlap 
u=8°, while from Fig. 7 a displacement factor of 
cosy = 0-1 is obtained. Thus the reactive load surge 
which may be anticipated works out to 20-5 sing 
= 20-5 x 0-994 = 20-4 MVar. 

Thus to introduce the ingot at half the basic speed, 


the electromotive force of the armature must amount 


u=60° 


0 0,1 
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0,5 0,6 0,7x100°/, 


120121°1 
Fig. 8. — Angle of overlap u as a function of the inductive 
voltage drop at service current, and of the delay angle «; connec- 
tion with interphase transformer 


d ; : 
Che See Inductive voltage drop at service current 
di 


to 0-5 (1300 — 80) = 610 V. Accordingly the terminal 


voltage is 


Udiog = 610 + 2°75 x 80+ 2-75 x 20 
+- 1560 x 2-75 x 0:5 «0-1 --25=1125.V. 


From this the voltage reduction and delay angle work 
out to 


1125 


i560. 


cos & = a = 44°. 

The overlap has risen to 11° and, from Fig. 7, the 
displacement factor cos y, = 0-65. Hence the reactive 
load surge amounts to 20-5 sin gy, = 20-5 x 0-73 = 


15-0 MVar. 


To Estimate the Voltage Dip in the Mains 
Caused by Inductive Load Surges 


The heavy load surges caused by reversing 
blooming mills, though short in duration, follow in 
quite a rapid succession and have a very rapid rate 
of rise. Owing to the very strict stipulations made 
regarding the reversing times of blooming mills, the 
rate of rise of the current is often very near the limit 
permissible for the armatures of d.c. machines. The 
resultant rate of rise of reactive power in the mains 
can thus amount to as much as 10 MVar per 100 ms. 

The effect of such load surges on the service volt- 
age will now be discussed with reference to Fig. 9. 
Imagine all power generating machines to be 
lumped in a single equivalent generator, whose air- 
gap voltage—i.e. the voltage after the transient 
reactance—should be so rigid that it does not change 
when such a load surge is experienced. This generator 
is assumed to feed into the mains of a rolling mill 
through a resultant active resistance R and a resultant 
reactance X. How high the voltage at the generator 
must be to maintain constant voltage at the busbars 
with a load current assumed to be constant and 
denoted by J, is shown by the vector diagram in 
Fig. 9b. If a further load surge is experienced, with 
a predominantly inductive component in the current, 
the voltage at the busbars drops abruptly to the 
value U;,. From the vector diagram in Fig. 9c it 
will be seen that the voltage dip depends mainly on 
the surge current and the total impedance X + X% 
of the supply system. At the basic load there is an 


— 


Ee 
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appreciable quadrature voltage drop 6U in addition 
to the direct-axis drop AU. This necessitates displace- 
ment of the voltage vector. With inductive load surges 
only the direct-axis voltage drop is important; the 
quadrature drop can be ignored. The voltage dip 
caused by a reactive load surge is given by the 
following equation 


AU=I{cosp: R+sing: (X+ X%4)] 


Since, as stated already, the most important factor 
is the mains voltage drop caused by the reactive 
component of the surge current and the total im- 
pedance, the first term in the above equation can be 
ignored. The equation then takes the form 


AMe STEW x) 


It contains those quantities principally concerned 
with the estimation of the short-circuit current. 

By definition the short-circuit current is the cur- 
rent that causes a 100°% voltage dip (or complete 
collapse). Since the surge current and short-circuit 
current are roughly in phase with one another, the 
voltage drops they cause will likewise be almost in 
phase. Thus, however, the following statement is 
permissible: The magnitude of the percentage volt- 
age dip caused by an inductive load surge corresponds 
to the percentage share of this surge current in the 
short-circuit current, i.e. 

E 
AUS ae 100% 
k 

The second part of the task of estimating the volt- 
age dip caused by inductive load surges therefore 
consists of the determination of the short-circuit cur- 


rent at the relevant point in the system. 


Ciao Oi 
Generators: ree 5 10-2 
Ps 
x, U* 
Transformers : Xx, = - 10 
- 
Lines: iE 
where X=reactance in ohm 


xg = transient reactance in % 

x,= short-circuit reactance in % 

U,,= nominal line voltage in kV 

P,=rated power in MVA 

@ = frequency of rotation ~ 314s" at 50 c/s 
wL =reactance of the line = 0-4 ohm/km 


(X+ Xa) Tn 
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Fig. 9. — Equivalent circuit diagram and vector diagram for 
example calculated 


a: Equivalent circuit diagram 
1 = Equivalent generator 
2 = Supply system 
3 = Load 
E = Air-gap voltage 
Xj = Transient reactance 
X = System reactance 
Uz, Ur, = Voltages at loads 
Iz1, Iz, = Currents at loads 
6 =Load angle 
y = Phase angle 


b: Vector diagram for predominantly 
resistive load 


c: Vector diagram for predominantly 
inductive additional load 
AU,, AU, =Direct-axis voltage drop 
dU =Quadrature voltage drop 


With the aid of the example shown in Fig. 10 the 
method of determining the short-circuit currents at 
various points in a given system will be demonstrated. 
The system resistances will be determined by utilizing 
the percentage voltage drops, and all reactance 
referred to 10 kV, for which 


2 F3 2 2 
f, Gohe aa x(=) = al - 10. Ga = me 
U 1 U Ie 


in which x denotes the transient reactance of the 
generator or transformer and P,, the rated power of the 
generator or transformer in MVA. The short-circuit 
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Fig. 10. — Single-line circuit diagram and equivalent circuit 
diagram for example calculated 


x'd = Transient reactance of the generators 
x, = Short-circuit reactance of the transformers 
X,-X, = Equivalent reactances referred to 10 kV 
A, B = Points in the system for which the short-circuit currents 
have to be calculated 


current is calculated from the following formula: 
= Us [kA] 
3X 


rf 


For this particular calculation the short-circuit cur- 
rent is first calculated with respect to 10kV and 


then converted for the relevant service voltage: 


10 5:78 
Lio = Je ar oe [kA] 
) =D Geo X red 10 
10 
I= ly a [kA] 


n 
Below the single-line diagram in Fig. 10 the equi- 
valent circuit diagram is given, for which the various 


system reactances have to be determined: 


10 
X, = — =0-1250 
80 


I 


9 
XI Stee yo 
00 
20 10\2 
vere aE eiled =0-110 
2 60 
7 


14 
xX, = — =0-19.0 
75 


gike goad (sy 6 
100 


ye 2G 
50 


The resultant reactances at the points A and B are 


thus: 


AA = Uso A Xz = 0-405 QO 


from which the short-circuit currents with respect 
to 1O kV are 


5:78 
An = eee 
| 
Bi = 55:78" TAA 
0-405 


Finally, from these, the true short-circuit currents 
and the breaking capacities that must be provided are 


I= 25 aL =42kA Px, = 440 MVA 
60 
ne Pz = 250 MVA 


Tz = 14.3 —— = 9-5 kA 
113) 


As explained at the beginning of this chapter, the 
voltage dip can be estimated by dividing the surge 
load by the short-circuit capacity. 


Synchronous Capacitors Excited 


by Converters 


Special converter connections, such as that with 
asymmetric grid control, the series connection and 
zero-anode control allow the reactive power of the 
converter-fed drive to be reduced, thus lowering 
the voltage dips in the supply system. Nevertheless 
there still remain the frequently repeated, though 
small reactive load surges which cannot be corrected 
by ordinary voltage regulators. It is possible to 
eliminate the dips by compensating for the suddenly 
increased demand for reactive power by equally 
rapidly supplying reactive power at the input to the 
load. An ideal means of doing this is the synchronous 
capacitor. 

The employment of a synchronous capacitor with 
reactive power control is illustrated in Fig. 11. From 
the current and voltage on the load side the desired 
value for the reactive power is formed. The rapidly 
variable reactive load component is compared 
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1201244 Fig. 12. — Synchronous capacitor with active (base) load; 
B application of a reactive load 
1 = Desired value of reactive power 
C 2 = Actual value of reactive power 
Sart boven 3 = Load angle 


4 = Active power 
Fig. 11. — Synchronous capacitor with converter excitation 6, = Load angle before application of reactive load 


ver Natanal grid 0, = Load angle at constant reactive load 


B = Steelworks power system 


C= Loads 


1 = Supply transformer 


t= Time scale in s 


Be ier meted: stor reactive load peaks do not tax the machine to the 


3 = Excitation by converter limit of its thermal capacity, it may also be employed 


4 = Power transducer to provide the slow changes in reactive power deter- 


5 = Component resolver . 
: . mined by the component resolver. 
6 = Desired value of reactive power 


7 = Actual value of reactive power The rotor, energized by the excitation current, is 
8 = Regulator made to rotate in synchronism with the stator field, 
9 = Measurement of load angle 


but lags by the load angle 6 as it has to make good 
10 = Winding temperature eS : : 
the friction losses. The torque is proportional to the 


11 = Limiter for desired value 
sine of this angle. If the magnitude of the rotor 
field is changed by super-excitation, while the friction 

directly with the power value given by the actual or load torque remains the same, the load angle 
current and voltage at the infeed point of the syn- must change slightly. Owing to its mass, the rotor 
chronous capacitor. Every deviation of the actual will “hunt” relative to the synchronous stator field. 
from the desired value acts through the reactive To obtain the necessary damping, a quantity pro- 
power regulator on the converter, and thus varies portional to the change in the load angle is intro- 


the excitation of the synchronous capacitor. If the duced into the control loop. 
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Fig. 13. — Oscillograms of voltage 


and frequency in a steelworks during 
rolling 


a: Excitation by main and pilot 
exciters 


b: Excitation by static converter 


u = Mains voltage 


f= Mains frequency 


BROWN BOVERI 


This device is particularly important in those cases 
where the synchronous machine, in addition to pro- 
viding reactive power, also has to provide an active 
output at the shaft, as is the case when synchronous 
motors are used to drive compressors. The diagram 
in Fig. 12 shows part of an investigation performed 
on a digital computer. A synchronous motor driving 
a compressor at constant power through gearing is 
forced to give up reactive power at the moment t=0. 
The curve shows the variation of the desired value, 
curve 2 the actual value. The load angle, whose 
value was 6, before application of the reactive load, 
attains the new steady state after a few oscillations 
due to the change in the rotor field. During the 
period in which the load angle changes from 6, to 
the new position 6,, there is a certain amount of 
hunting by the active power at the shaft. 


t= Time 


120126-Ib 


The success achieved by employing converter- 
excited synchronous capacitors is well illustrated by 
the oscillograms in Fig. 13, recorded in a steelworks 
under identical loading conditions. When an exciter 
machine was used, voltage dips of up to 7% were 
experienced; when a grid-controlled converter with 
electronic reactive power control is employed, this 
figure is reduced to 0:5%. 

Synchronous capacitors excited by electronically 
controlled mercury-are converters are ideal for com- 
pensation of reactive load peaks occurring frequently 
and in quick succession. In some steelworks, which 
generate their own power or are situated at the end 
of a long transmission line, their employment was 
essential to the adoption of converter-fed d.c. motors 
for heavy reversing drives. 


(KME) H. KuntTNER 
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THE NEW SINGLE-ANODE MUTATORS WITH VAPOUR JACKET 


By incorporating a new component in the new single- 
anode mutators (mercury-are converters), their surge load 
capacity in pulsating operation has been greatly improved 
and, at the same time, the range of working temperatures 
extended without having to resort to temperature regulation, 
heating or filling with rare gas. 


Development Trends 


AVING regard to the need for maximum ver- 
satility, the new mercury-arc converters (single- 
anode mutators) were developed primarily to meet 
the requirements of their main sphere of application, 
namely for feeding industrial drives. Here reversing 
drives make the heaviest demands on the tanks. 
Development trends will therefore be studied with 
particular reference to this kind of operation. 

A reversing drive has to produce a torque in either 
direction. With a d.c. motor this can be done by 
reversing the armature current (Fig. la, b, c) or the 
field current (Fig. 2). For reversing the armature 
current mechanical reversing switches used to be 
commonly used—as shown by the circuit diagram 


in Fig. 1a—designed for frequent operation at zero 


Fig. 1. — Mutator connections for 
reversing the armature current 


a: Armature reversal (single-con- 


verter connection) 


b: Cross connec- 


: | two-converter 
tion : 
{ connections 


c: Anti-parallel a 


E 
le 


621.314.65 


current. With control by motor field reversal a 
single-converter connection is also used, in contrast 
to two-converter connections with one rectifier for 
each direction of the armature current (Fig. 1b, 1c), 
which reduces the cost of the armature circuit 
owing to the smaller number of mutators and 
switches. The use of the two-converter connection 
was restricted owing to its needing twice as many 
tanks for the heavy-current armature circuit as the 


When 


tanks are employed it is also impossible to adopt the 


single-converter connection. multi-anode 
anti-parallel connection because there is only one 
cathode common to the six anodes. In that case the 
cross connection has to be used, involving a greater 
outlay for transformers since a separate secondary 
winding is needed for each direction of the current. 

To obtain an outlay comparable to that for the 
anti-parallel connection with the excellent dynamic 
properties of a two-converter connection, not only as 
regards the transformer but also the converters, it 
was necessary to devise tanks with a higher surge 
load capacity. In the single-converter connection the 


surge current and mean value of the current of the 


A i 
it 


b c 


~~ 


~fOO-O4 
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Fig. 2. — Mutator connection for field reversal (single-converter 
connection ), field supply in cross connection to reverse the field 
current 


rectifier set corresponds to that of the motor, whereas 
in the two-converter connection the mean value per 
set drops to half the mean motor current. Thus the 
ratio of the surge current to the mean value is twice 
as high with the two-converter connection as with 
the single. In the majority of drives the motor is 
expected to be able to carry up to double the rated 
current. In other words, in the two-converter connec- 
tion the mutators have to be able to withstand a surge 
four times as high. 

Hence, if mutators can be made to withstand a surge 
equal to four times the rated current, they may be 
employed in the two-converter connection at their 
full rated current. The number of tanks is then only 
determined by the rated current of the motor divided 
by the rated current of each tank. Since the motor 
current is always the same, in either the single or 
two-converter connection, the number of tanks 
remains the same. 

The rated current of the motor is an r.m.s. value, 
on account of the losses being proportional to the 
square of the current; the rating of the mutator, on 
the other hand, is an arithmetic mean value. How- 


ever, this difference need not be taken into account 


because, with the rapid pass sequence, the arith- 
metic mean tends to approach the r.m.s. value. 
Therefore, as described above, the number of tanks 
is usually determined by dividing the rated current 
of the motor by that of each mutator. 

In order that the same number of tanks may be 
used in anti-parallel as with the field-reversal connec- 
tion, assuming equal transformer rating and im- 
pedance voltage, it must be stipulated that the tanks, 
when operating at zero voltage, shall be capable of 
withstanding twice the anode blocking duty! [1]. 
The initial inverse voltage does not change, but the 
rate of change of the current is doubled, because 
the circuit has to manage with only half the number 
of tanks per direction. 

Apart from increasing the surge load capacity in 
this way in order to cheapen the extremely responsive 
anti-parallel circuit, one of the main aims of the 
development programme visualized was to extend 
the rather narrow range of temperatures in which the 
mutators had hitherto been obliged to operate. 
Previously, particularly with heavy load surges, it 
was necessary to keep the temperature to within 
10 °C, which could be barely be doubled by employ- 
ing a rare-gas filling, because the greater gas pressure, 
though extending the range downwards, simulta- 
neously lowers the upper limit. For this reason quite 
extensive supervisory, control and heating elements 
were needed to maintain the desired temperature in 
the mutator, some of which were replaced or aug- 
mented by air-conditioning the room in which the 
mutators were installed. 

In order to meet these two main requirements, 1.e. 
increasing the surge load capacity and extending the 
temperature range, it was necessary to adopt a 
completely new approach. This will now be explained 
by comparing the distribution of the vapour density 
in the new tanks with vapour jacket with that in one 
of the former type (with saturated vapour). The 
well-known advantages of single-anode tanks, i.e. easy 
storage of spares, ability to adopt the compact 
metalclad design including all auxiliaries, etc., will 


be dealt with in the final chapter. 


1 Admittedly the duration of the load with antiparallel 
connection is only half as long as with field reversal. This reduc- 
tion of the duty period does not greatly affect the necessary 
anode blocking duty. 
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Vapour Density Distribution 
in Condensation Vessels 


In the mutators employed hitherto the vapour 
density was determined by the temperature of the 
wall on which it could condense. However, only in 
the cold, unloaded state is the gas density in the 
tank exactly equal to the saturated vapour con- 
centration corresponding to the tank temperature: 


n,= 0-972 x 10! fe 


s 


1 3300 
10 eo reky log T;- T; 


# (1)® 


s 


= 0972 x 10*° 


On load and when the cathode is warm, a certain 
quantity of condensate 


M. = MyHg Z, 


where ™, is in g/cm?s and Z, is in molecules/cm?, 
has to be transferred to the wall, flowing down it to 
the cathode and thus closing the circuit. 

According to the kinetic theory of gases and the 
Maxwell velocity distribution, the amount striking 


the wall per cm? and second is 


Np | 


k — 
Zs = ——= {0.5 ae a att? if 2) 
D 4 D 2x /— D V D ( 


Only a very small proportion is retained as condens- 
ate, the remainder A is reflected. On the other hand, 
molecules are emitted by the condensate on the wall, 


the maximum number being 


n 
pate Lod 
Zp=— mF 


l |/ k 
w. a ga my 
4 V2n MeHg 


Here too the greater part / is reflected (e.g. by im- 


Np /Tr (3) 


purities [2]), so that only the fraction (1—f) enters 
the vapour space. The resultant amount of conden- 
sate given by equations (2) and (3) may be expressed 
in molecules per cm? and second by 


Z=(1—f)(Zp—Zp) = (1—A) ("» pao a vo 


— (=A) + | 
Van 


or in g/cm*s by 


T, - neVTe | 4) 


? For explanation of the various symbols, see appendix. 


M =m, 2: = iad / mrig* k In» VTp— Np V7 | 
2n 

(5) 
The directed rate of flow of the vapour which causes 
a deviation from the Maxwell distribution can be 
ignored for the condensation vessels used hitherto, 
because it is two orders of magnitude smaller than 
the mean thermal velocity in the temperature range 
considered. The amount of condensate M, to be 
transferred from the vapour at the temperature Tp 
to the condensate at the temperature T;, depends 
on the magnitude of the current and temperature of 
the cathode. 

The amount of vapour produced by the cathode 
comprises one fraction governed by the current and 
another fraction dependent on the cathode tempera- 
ture, according to measurements made by Issendorf 
[3]. The latter fraction Dy can be expressed, in 
accordance with the relationship for evaporation 


into the vacuum, analogous to equations (2—4), 


Z = (1), 
l k =~ | molec. 
= (1—8) Vin ae DeVds aa (6) 
by 


MHg k 


Dr = Ax(1~ pr) |/ 7 


nx V Te = Bnx VTx [g/s] 
(7) 


i.e. by an exponential curve obtained from the 
product of the density of the saturated vapour and 
the square root of the corresponding saturation 
temperature. The fraction dependent on the current 
is composed of a fraction evaporating in the imme- 
diate vicinity of the cathode spot, and another 
yielded by the mercury spray which evaporates on 
the hot surface of baffles, etc. A second part of this 
mercury spray strikes the wall of the tank, without 
changing into vapour, or, if a large amount strikes a 
surface, the excess liquid mercury may drip before 
it has had time to evaporate completely, and thus 
finds its way back to the cathode. This second part, 
varying with the design, may be disregarded. For 
the first portion the coating of hot surfaces with 
mercury spray also varies with the design and can 
only be estimated very roughly. With a coating of 
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i em? the amount evaporated into vacuum, accord- 
ing to equation (6) and with a transmission coefficient 
of r= (1—f) =0-1, is about 0-56 g/cm*s at 200 °C. 
But the high rate of flow towards impact surfaces 
in the vicinity of the cathode, and the resultant 
pronounced deviation from the Maxwell distribution 
(see below) can no longer be disregarded. The mean 


thermal velocity 


8kT 8! 
w= /= = |/ Ride (8) 
My Tt 


is only of the order of 104 cm/s with very hot impact 


surfaces, whereas the rate of flow of jets of mercury 
vapour has been determined as being of the order 
of 10% cm/s [4]. 

For the reasons mentioned, only a very small 
portion of the mercury spray, determined by Issen- 
dorf [3] to amount to 10-5 mg/As on the average, 
appears as vapour. With his arrangement he also 
measured precisely that portion of the mercury spray 


which struck the cathode container and flowed 
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RSIS reer 
@ ISLES 
DORREDOORROOREE Kl 
10" y 
= SEER 
fait FA i i 


HEE a 


eae 


NI 


=i es 


a 
| 


PLC 
Sy 


| 
a 
0 


10"l4 


tH 
[TT 
ee 
5,10" HH pan it 


[T | 
10 20 


FH 
Cy 
5.10" HH CO ial 

0 30 4 50 60 °C 70 80 


BROWN BOVERI —+ |; 120064 | 


Fig. 3. — The product n, /T, plotted to a logarithmic scale 


1 3300 
oa 10°? > log 1 - Gia 
ns x \/T, =0-972 x 103° = 
VT; 
n;= Concentration of saturated mercury vapour 
1’; = Temperature of saturated mercury vapour (°K) 


‘; = Temperature of saturated mercury vapour (°C) 


directly back into the cathode. The total amount of 
mercury spray increases with the current (from 2 to 
12 A rising from 9 to 15 mg/As). But since separate 
spots do not occur above 12-15 A [5 and p. 75 of 6] 
and the spot splits up at heavier currents, the specific 
amount may be assumed to have the value of 
10:5 mg/As corresponding to the most frequent spot 
current of 5—7 A. This value may then be taken as 
constant over the entire current range. 

When the mutator is switched on cold, the mercury 
spray first strikes the impact surfaces which are cold, 
and the proportion which evaporates may be con- 
sidered negligible. In this case the amount propor- 
tional to the current fis at the most 1-3 mg/As. When 
the tank is warm from running, with certain designs, 
Jf must be increased, depending on the particular 
design, by the amount of spray which evaporates, 
namely F > f= 1-3 mg/As, so that according to equa- 
tion (7) the total amount of vapour produced in the 


mutator is 
D=FI+ Bng Tx [g/s] (9) 


This amount of vapour must condense on the 
condensation surface with the area A,, which in 
water-cooled tanks may be regarded as being equal 
to the surface area of the cooled jacket. 


eas sais oan 
Me aera le Bn Tx 


/ k So 
(1 —8) |/ — Jeol To — nel 7, | (10) 
With the aid of the relationship for saturated vapour 


tip) To =2(T 5) (11) 


shown in Fig. 3 according to equation (1), the 


vapour temperature, can be determined from 
equation (10), and thus the density or also the 


pressure in accordance with equation (1) 


<1 (Fr4 Bm Tx) + eVTo (12) 


For this the temperature 7x of the surface of the 
cathode and that of the condensate T, has to be 
determined. In order to start from a constant 
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reference temperature in this respect, it is assumed 
that the tanks are cooled with water flowing at a 
constant rate. The transfer of heat from the surface 
of the mercury cathode right through to the cooling 
water is given by the heat transmission through the 
mercury Syg/Aug, the transmission through the steel 
wall sp./Are, and the transfer to the water in contact 
with the underside of the cathode container |/xx. 
Hence the temperature at the surface of the mercury 
is given by 
SHg SFe ] 


Ng 


Aug K 


The fraction of the losses dissipated by the cathode 
qx was given by Bertele [7] as 1-5 W/A following 
measurements on large rectifiers [6, pp. 114 and 
125]. However, this value is not constant, as it varies, 
on the one hand with the surface temperature of 
the cathode 7x and, on the other hand, with the 
current J and the temperature Ty, of the cooling 
water; in fact with increasing current and water 
temperature the value of gx diminishes. The major 
part of the cathode losses is dissipated by the work 
function of the electrons and the heat of evaporation 
of the mercury, and only a small remainder is con- 
ducted away by the mercury of the cathode [8]. The 
amount of mercury vapour, and thus the energy of 
evaporation, as shown in equation (9), is no longer 
proportional to the current at higher current or 
cooling-water temperature, as is often assumed. It 
increases exponentially with the current owing to 
the accompanying rise in the surface temperature of 
the cathode in the second term of equation (9). Like- 
wise the heat of evaporation also increases with 
rising cooling-water temperature. Consequently, the 
remainder of the cathode losses, which have to be 
dissipated by the mercury, becomes steadily smaller 
with increasing current and cooling-water tempera- 
ture. Having regard to equation (9), this explains 
why, in air-cooled tanks, the temperature of the 
cathode plates increases less than proportionally to 
the current, and only slightly when the flow of cooling 
air is reduced. 

When the cathode temperature is low relative 
to the current, the second term in equation (9) 
can be ignored and gx regarded as constant, i.e. 
the fraction qxJ of the losses dissipated by the 


mercury is proportional to the current. However, 
for single-anode tanks, whose cathode is completely 
covered by a baffle between it and the anode, the 
value of gx must be assumed to be about 3 V because 
the cathode is bound to receive some of the waste 
heat radiated by the anode and transmitted by the 
baflle. The actual fraction of the anode losses varies 
with the design. Since the total anode loss power 
rises almost linearly with the current—to a first 
approximation—the fraction can be assumed to be 
proportional to the current. When the temperature 
of the mercury rises, an increasing proportion of this 
radiated energy from the anode is converted into 
heat of evaporation, the fraction dissipated by the 
cathode diminishing accordingly. 

When the temperature of the water cooling the 
cathode is high with respect to the current, it is no 
longer permissible to regard gx as constant but, on 
account of the exponential rise in the amount of 
vapour (cf. equation (9) and Fig. 3) with increasing 
cooling-water temperature, it has to be reduced more 
and more. 

The temperature at the surface of the condensate, 


in analogy to equation (13), may be written as 


SFe ] I 
Tp= Ty + (o+ a +—] (Cars (14) 


c 


For the transfer from condensate to condensation 


wall, we may substitute o = 2 °C/W/cm?, according 
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Fig. 4. — Curve of vapour density against load current in a 
water-cooled multi-anode mutator 


At constant cooling-water temperature ty =60 °C 


Ix = Cathode current 

n4 = Vapour concentration in vicinity of anode 

np = Vapour concentration in condensing space 

n, = Concentration of saturated vapour corresponding to tem- 
perature of cooling water 
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Fig. 5. — Curve of vapour density against temperature in a 
water-cooled multi-anode mutator with the current Ip as para- 
meter 


ty = Temperature of cooling water [°C] 

Ix = Cathode current [A] 

n4 = Vapour concentration in vicinity of anode 

np = Vapour concentration in condensing space 

n, = Concentration of saturated vapour corresponding to tem- 
perature of cooling water 


to Risch [2]; for the losses dissipated by the conden- 
sation surface Ax we have to allow not only for the 
released heat of evaporation, but indeed almost the 
whole of the losses, provided they are not conducted 
away through the cathode water-cooling system. For 
a water-cooled tank, where the condensation surface 
can be assumed to be equal to the entire surface area 
of the jacket, this surface has to dissipate all the heat 
of recombination and the anode losses received by 
radiation. 

Hence, if the small fraction of the losses ¢4, which 
is dissipated by the anode plate, is taken into 
account, there remains a fraction g, of the total arc 
voltage uz, whose losses are transferred through the 


condensation surface, i.e. 


qc= Ug —IK— (15) 


'n accordance with equation (12), and with the aid 
f (13), (14) and (15), Fig. 5 shows the distribution 
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of the vapour density in a water-cooled multi-anode 
mutator as a function of the cooling-water tempera- 
ture, with the current as parameter. In Fig. 6 it is 
shown at constant water temperature as a function 
of the load current. In conformity with the standard 
practice, the density of the saturated vapour n, 
corresponding to the temperature of the water is 
compared with the density n, in the vicinity of the 
valve. Hence the vapour density in the tank np, as 
given by equation (12), has to be reduced by the 
anode superheating ratio r= 7',/T'p to 


(16) 


Ny = Np/r 


According to Stefan-Boltzmann’s formula the distri- 
bution of the anode temperature may be expressed 
to a close enough approximation by 
He 8 
T4= Tay \/=— 


i (17) 


Here, for the sake of simplicity, the anode losses are 
assumed to be proportional to the current and in- 
dependent of the vapour density. Otherwise the 
fourth root of the anode loss ratio would have to be 
inserted in (17). As Fig. 5 shows, the curve of the 
vapour density in the valve is only slightly flatter 
than that of the saturated vapour. In the region used 
in practice for such tanks, values are therefore obtained 
at rated current, which do not differ very much from 
the density of the saturated vapour. Even at half the 
rated current the density of the vapour in the valve 
is only about 40 % below that of the saturated vapour. 

Fig. 6 shows the relationship between the vapour 
density in the valve n, and the cathode current. 
From the state at zero current (density of saturated 
vapour) to operation at rated current with full anode 
superheating, the vapour density in the valve does 
not rise. On the contrary, even at rated current it is 
still slightly below the density of saturated vapour 
corresponding to the cooling-water temperature. 
Without anode superheating the vapour density in 
the valve at rated current is about 2-8 times the 
no-load value, because in this case the density np is 
also prevailing in the region of the valve. From prac- 
tical experience it is well known that high anode 
temperatures are desirable. 

In order to compare the calculated value with 
detailed experimental results, the calculation was 
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performed for an old design of water-cooled multi- 


anode mutator of long-standing repute, large 
numbers of which are still rendering excellent service 
today. Measurements of the vapour temperature of 
this mutator were published by Risch [9]. These have 
been included in Fig. 7 (in particular, measuring 
point 2, because point 1 was obviously affected by 
the anode superheating), where they are compared 
with the vapour temperature 7; obtained from 
equations (12, 13, 14). The agreement may be re- 


garded as satisfactory. 


Vapour Density Distribution Inside the 
Jacket 


In the new types of single-anode mutators for 
100 and 300 A the discharge space is surrounded by 
a vapour jacket® containing appropriate openings, as 
depicted schematically in Fig. 6. This has the effect 
of evening out the variation of the vapour pressure 
with temperature. On the one hand it raises the 
vapour pressure considerably at low temperatures 
because it does not allow the pressure to drop below 
a certain critical value determined by the quantity 
of vapour, so that an appreciable amount of the mer- 
cury spray evaporates inside the jacket. At the same 
time, by reducing the rate of flow of the vapour to 
the speed of sound, it diminishes the condensing 
effect of the wall temperature to such an extent that 
the vapour density inside the jacket is lower at ele- 
vated temperatures than it was in the former de- 
sign of saturated vapour tank having no jacket. 

From the generalized Bernoulli equation and 
from Poisson’s equation for the adiabatic change of 
state, the emerging quantity of vapour [10, 14] is 
given by 


anes 
G= Av /2h0 = Ave |/ ea (18) 


in which y is a factor dependent solely on the pressure 


ratio p,/p;, expressed by 


pa) Veet (e) | 


% When the word jacket is used, it means the actual metal 
screen inside the vessel, and not the space between it and the 
outer wall. 


(19) 
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Fig. 6. — Single-anode mutator with vapour jacket 


1 = Anode 4 = Uninsulated cathode 
2 = Vapour jacket 5 = Insulated cathode 
3 = Baffles 


In the outlet cross-section of simple orifices the speed 
at the outlet cannot exceed a certain maximum value 
if the internal pressure is constant, no matter how 
much the external pressure is reduced. When the 
pressure ratio p/p; is varied this critical value is 
given by the maximum outlet quantity according to 


equation (18), i.e. by y,,,, (cf. Fig. 8) 


——— ies i AE 
Cmax = Ay wo 00 aa Ay Wmax \ 22 i= Ay Vmax Pi Vcr 


(20) 
Cal ea 
Vmax = ie 
ccd x+1 x +1 


This maximum is attained at the sub-critical pres- 


= (0512 


(21) 


sure ratio (see Fig. 8): 
Po — Pi =( : (22) 


I = 0-487 
x+1 


Corresponding to this there is a maximum outlet 
speed which, from (20), (21) and 
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Fig. 7. — Curve of vapour temperature against load current in 


a water-cooled multi-anode mutator 
At constant cooling-water temperature ty = 50 °C 


Ix = Cathode current 
tp = Vapour temperature in condensation space 


< = Points measured by Risch [9] 
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Fig. 8. — Function of flow from the mouth of the opening 


‘ao ()= Veo lett 


p; = Pressure inside the vapour jacket 


fo = Pressure at the mouth of the opening 
/ = Critical pressure at the mouth of the opening 
“%pl¢y = Ratio of specific heats (for Hg vapour x=5: 3) 


(23) 


works out to 


Wied = |/x Pe a yerTs = |/ 2 Pi 
0o x -+l So 
RT; 


x 
-|/2 x+1 


From equations (22) and (23) we also obtain the 


(24) 


critical density and temperature ratios 


* 1 

os -( 2 )rt = 065 
0; x+l 

Testa cog 
fee Se a inn! 


(25) 


(26) 


With a super-critical pressure ratio p,/p; the outlet 
pressure f, is always equal to the external pressure 
fp in the space between the jacket and the condensa- 
tion surface and, in accordance with equation (22) 


(see also Fig. 8) 


— fb eae = 0-487 


27 
pi pi pi ee 


Thus the pressure inside the jacket is at the most 
twice as high as the external pressure fp. For a slow 
rate of flow of vapour the latter is given by equation 
(12). When the rate of flow is of the order of the 
critical value, as given by equation (24), and thus of 
the thermal velocity according to equation (8), 


Wen Fos hae le Rais 


Bg | Reskiy a goes Ps 
Tv 


(28) 
allowance must be made for the fact that the Max- 
wellian speed distribution is disturbed and requires 
correction, [117 12,513.47]; 

For the super-critical range of pressure it must 
also be noted in practice that the outlet speed is 
greater than 


because this equation was derived by ignoring the 
high internal speed directed at the openings in the 
jacket. Then the square of this approach velocity has 


az 


NOVEMBER/DECEMBER 1961 


THE Brown Boveri REVIEW 


631 


to be added below the root sign [14, p. 267]. Thus 
this velocity is quite important. 

When equation (12) is written with the appropriate 
correction value &€ and pressures are substituted for 
vapour densities, we obtain 


Pau! Yon / ar 
Tae Tg a (M+ Boe Tr) 


(29) 


in which, for the critical velocity, € is approximately 
3-4, 

The effect of the strong vapour current directed 
at the condensation surface is such that, at quite a 
small difference between the temperatures of the 
vapour (tp) and the condensate (t,;), the same 
amount of vapour can be made to condense as in the 
former type of tank without a jacket. A jet of vapour 
directed at the condensation surface simplifies con- 
densation, as will be easily understood. Hence, at 


Wy 
Wa 
Ww 
hea =0,4575 


Wy 


7* 
Wo 9.915 
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high speeds, as in Fig. 9, it is possible that, despite 
the greater quantity of vapour, the vapour pressure 
is lower from a certain tank temperature than for a 
smaller amount of vapour and lower rate of flow. 
In practice, as may be seen in the point of inter- 
section of the curves of the inverse anode current 
with and without jacket, this reduction outweighs 
the pressure rise due to the vapour jacket which, 
with supercritical flow can rise to a maximum of 
twice the external pressure. The somewhat higher 
superheating of the anode in the jacketed tank also 
contributes to this result, though its influence is 
small. As regards the manner in which the inverse 
anode current simulates the vapour density in the 
region of the valve, readers are referred to the 
comprehensive paper by Ludwig [15]. 

As was also taken into account in Fig. 9, the 
quantity of vapour increases by a multiple in the 
tank with jacket because a major proportion of the 


mercury spray can no longer reach the walls of the 
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—»> ; 120071°1 


BROWN BOVERI 


Fig. 9. — Curves of the vapour pressure (a) and peak inverse anode current (b) against temperature in a single-anode mutator 
with vapour jacket, continuously loaded with a mean value of 100 A 


a: tw = Temperature of cooling water 
Pp = Vapour pressure in condensing space 
fp, =Saturated vapour pressure corresponding 
to cooling-water temperature 


W = Velocity of vapour flow 
W* = \/ + RT} =Critical emergent velocity 


Wy =/2 RTp=Most probable thermal molecular velo- 
city with the Maxwellian distribution 


a 


F = Quantity of vapour obtained per s from the cathode spot 


b: I=Single-anode mutator without vapour jacket 
II = Single-anode mutator with vapour jacket 
t= Temperature of mutator 
iy = Peak anode follow current 


in = Peak anode follow current of a mutator without vapour 
jacket at a temperature of ¢=60 °C 
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tank directly, but is trapped by the jacket and 
evaporated there. On account of the increased rate 
of flow, this does not prove disadvantageous but, 
on the contrary, exerts a strong flattening influence 
on the curve of the vapour pressure in terms of the 
temperature. When the mutator is switched on cold, 
only a small amount of the mercury spray evaporates 
to begin with; but even then the pressure inside the 
jacket cannot drop below a limit imposed by the 
critical pressure, so that, in comparison with the tank 
having no jacket, it is more than twice as high and 
at heavy currents, i.e. for large quantities of vapour 
in accordance with equations (20) and (22), many 
times higher. At sub-critical pressures the outlet 
pressure is no longer equal to the external pressure, 
but adjusts itself to the quantity of vapour, main- 
taining a constant ratio p)/p; = 0-487. 

Operation under such circumstances, with sub- 
critical pressure and, in consequence, with quite a 
large difference between the outlet and external 
pressures, only occurs when the tank is cold. For 
Fig. 9 it was assumed that the jacket is at its high 
steady-state temperature, corresponding to the mean 
current, and that the greater part of the mercury spray 
evaporates. The jacket absorbs most of the waste heat 
as heat of recombination and, since it is not in 
thermal contact with the cooled enclosure, can 
dissipate this heat by radiation at elevated tempera- 
ture. At constant current according to equations (9) 
and (13), the quantity of vapour then increases less 
rapidly than the external pressure p, on the jacket, 
with rising cooling-water temperature, owing to the 
large fraction dependent on the current, so that 
finally pp reverts to the value of the outlet pressure 

_ fy and, as a result, super-critical pressure conditions, 
with pp=f 9, are attained when the temperature 
continues to rise. 

When studying the vapour densities in Fig. 9 it 
must be borne in mind that in the vicinity of the 
anode they are also reduced by the anode super- 
heating ratio and thus, as was shown in Fig. 5, 
lowered to the level of the curve for saturated vapour. 
For the fraction of the evaporation dependent on 
the current the figure of F = 1-3 mg/As was assumed 
for the tank with no jacket and thus with no contri- 
bution by mercury spray, while for the tank with 


jacket F=7 mg/As was inserted, i.e. the greater part 


of the 10-5 mg/As mercury spray determined by 
Issendorf [3], which, practically speaking, is rather 
high because in the apparatus employed for measure- 
ment that part of the mercury spray is also included 
which strikes the cathode surround and flows straight 
back into the cathode. 


Cold-Starting and the Pressure Rise in the 
Tank with Jacket 


Fig. 9 shows that, with the vapour jacket, con- 
siderable progress has been made towards the ideal 
of a vapour density independent of the temperature 
of the tank, which can be pre-determined by the 
design. Admittedly only the steady-state vapour con- 
ditions have been compared up to now. There still 
remains the rise in vapour density when the mutator 
is switched on cold, for which the theory cannot 
be explained in full in such an article. This must be 
reserved for a later date. But it will be demonstrated 
briefly that the improvement effected by the in- 
corporation of a vapour jacket is at least equally as 
important as for steady-state vapour densities. 

When a mutator of the classical type is switched on 
cold a marked improvement is only achieved when 
the tank warms up since the vapour density only 
rises very slightly with the current (see Fig. 4), even 
in the final steady state. At lower temperatures not 
even the final value of the vapour density for rated 
current is sufficient, and certainly no intermediate 
value during the rise in density. For this reason the 
rate of rise in the density is of no practical interest 
for such tanks. The final value itself has to be raised. 
The main increase in vapour density in such tanks 
thus accompanies the rise in tank temperature 
(Fig. 5). Hence, provided a rare-gas filling is dis- 
pensed with for the reasons to be given later, this 
means that it is necessary to preheat the tank electri- 
cally or by other means, with temperature regulation 
within narrow limits in operation, in order to be able 
to switch on an overload when cold and carry it 
continuously. 

For the tank with a jacket, however, the tank tem- 
perature is not the deciding factor. Assuming the 
vapour is propagated at an infinite rate, the pressure 


increase in the jacket can be expressed, with the 
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aid of equation (20), by means of a simple differential 
equation, as follows: 


d Oi + a = D 
dt Vi, a 
eth. A a 


Aer 7, Vmax V2 RT; 01 — VY, =9 — (30) 

In this equation the second term in equation (9) 
was neglected because, at low cathode temperatures, 
it is very much smaller than the other. Furthermore, 
for the quantity of vapour carried away the maxi- 
mum value y,,,, Was inserted, i.e. sub-critical pres- 
sure ratio. By means of this simplification the quantity 
of vapour passing through the jacket until critical 
pressure conditions are attained was deliberately made 
too high. This simply means that the emitted quantity 
of vapour is for a short time less than was assumed, 
while the pressure would in fact rise rather more 
rapidly. However, at heavy currents and low tempe- 
ratures, i.e. low vapour densities, the critical ratio 
is rapidly attained, so that the above simplification 
is quite permissible. 

The differential equation (30) yields the following 


rise time constant: 


Viz u Be cig i | 


Z, = 
oe, Wa. VERT; A, VT; 


(31) 


For the designs considered it is of the order of a few 
milliseconds. Any error in the figure assumed for 
T; therefore has practically no effect, because once 
more it is the absolute temperature which is below 
the root sign. 

The time constant mentioned above can only yield 
an approximate estimate, however, because it only 
takes into account the pressure rise in a single space, 
though in reality a number of spaces are involved 
(the space being divided by baffles and grids), 
connected in a kind of cascade, one after the other. 
This multiple effect problem can be dealt with 
mathematically. The simple differential equation (30) 
may be adopted as the asymptotic solution. In the 
derivation of the time constant the finite speed of 
propagation of the vapour was not taken into 
account either, though it is of the order of 10* cm/s 
and thus provides milliseconds which cannot be 
ignored with respect to the time constant. The speed 
of propagation of the vapour and the hindrance by 


5 


bafHles and grids is roughly the same for both kinds 
of tanks, so that the conclusion is reached that their 
time constants are more or less equal. Indeed in both 
cases the peak are voltage can be observed to decay 
at roughly the same rate at the point of arc starvation 
within the first few cycles. But in the jacketed tank 
the pressure increases by a multiple in this rise time 
because the final pressure at low temperature is many 
times higher than that in the tank without jacket, 
and therefore the point of arc starvation is consider- 
ably higher. The jacket must be warmer than the 
tank in order that the pressure may rise in ‘this 
manner, and no condensation take place on the 
jacket. This is always the case in the event of idle 
periods lasting a few hours, since the jacket is not in 
thermal contact with the tank and can only give up 
its heat slowly as the temperature drops (the radiation 
diminishes as the fourth power of the temperature). 
For longer idle periods it is sufficient if the excitation 
is switched on a short time before—in conformity 
with the heat capacity of the jacket and the waste 
heat it absorbs—to bring the jacket up to the required 
temperature. It does not have to be specially stressed 
that the jacket can be heated up much more rapidly 
than the whole tank and with much smaller power 
(excitation current), as its heat capacity is more than 
one order of magnitude smaller and radiation only 
becomes detectable at quite a high temperature. 

A rare-gas filling was deliberately dispensed with 
because its partial pressure is additional to that of 
the mercury vapour and, at the same operating 
temperature, noticeably reduces the anode blocking 
capacity and the electric strength. To fulfil equal 
requirements the operating temperature, which is 
tantamount to the load, would have had to be re- 
duced. This effect is particularly marked in single- 
anode tanks in which, unlike in multi-anode tanks, 
the rare gas cannot be forced into the dome by a 
large amount of vapour. Furthermore, the risk of the 
rare gases being gettered under certain circum- 
stances, the poorer conditions for condensation at 
high pressure, and finally a reduction in the useful 
life in the extreme cases, would have to be taken 
into account [16]. 

By means of the vapour jacket alone it has proved 
possible to attain an unprecedented overload capa- 
city, and to retain it in the cold state. At the same 


634 Tue Brown BoveERI REVIEW 


VOL. 48, No. 11/12 


time this overload can be permitted, not only at low 
temperatures, but also at higher temperatures than 
sreviously and as continuous pulsating load with the 
rated current as mean value. Hence the working 
range has been considerably extended compared to 
condensation tanks.4 Moreover, to attain it there 
is no need to employ means of supervising and regulat- 


ing the temperature. 


The Vapour Jacket 


as Recombination Screen 


In order to prevent the formation of a cathode 
spot, the vapour jacket must be insulated from the 
cathode, as shown in Fig. 4. Thus in tanks where the 
cathode is insulated from the body of the vessel, it 
may be directly bonded with the latter. If, however, 
the cathode is not insulated, the jacket has to be 
insulated from the body (see Fig. 6 right). Then it 
may be employed as a recombination screen at the 
same time and designed accordingly. As will be 
known, the task of the recombination screen is to 
cause the charge carriers to recombine before they 
reach the wall of the tank, so that the residual current 
at the wall is quite small in comparison with the 
excitation current, otherwise the stability of excita- 
tion might be endangered. The reduction of this 
current at the wall can be made to suit any requi- 
rements by suitable design of the screen. It is then no 
longer possible for the excitation current to suddenly 
break off. It is therefore permissible to dispense with 
restriking by an ignition rod, as in an ignitron, whose 
functions are very dependent on ageing (formation of 
deposit on the ignition rod), and are especially 
worsened by changes in the surface of the mercury 
pool. In the same manner it is possible to completely 
control the formation of an arc between the wall 


and the anode, parallel to the anode-cathode arc. 


Improvements to Cooling and Layout 


Apart from the high surge load capacity, the good 
cold-starting qualities without temperature regula- 
tion or heating, and the flexibility of the circuitry, 


as described in the foregoing chapters, the new tanks 


* See Fig. 1 on p. 639. 


equipped with vapour jacket rated 100 and 300 A 
also offer all the well-known advantages of single- 
anode tanks: inexpensive storage of spare tanks, 
lower arc voltage, permitting the adoption of the 
compact metalclad system,® and low unit weight 
which, with the selected drawout design (see Fig. 10 
and the coloured plate inside the front cover), allows 
the tanks and their auxiliaries to be assembled as 
separate “building blocks’, facilitating rapid replace- 
ment. These advantages are considered to outweigh 
the drawbacks of the risk of the excitation breaking 
off, and the extra outlay for auxiliaries (excitation, 
ignition and ventilation). The preceding chapter 
explained how the risk of the excitation breaking off 
can be eliminated by radically reducing the wall 
current. Previously such interruptions were rare in 
single-anode tanks; when they did occur, however, 
they were attributed mainly to short circuits between 
the cathode and the body of the tank. By dispensing 
with the cathode insulation, the jacketed tank 
completely eliminates this cause of interrupted ex- 
citation. The disadvantage of the more extensive 
auxiliaries resulting from increasing the number of 
tanks, i.e. for ignition, excitation and ventilation, 
is balanced alone by the absence of any means of 
heating or measuring and regulating the temperature, 
so that the other advantages may be regarded as 
true progress. 

In the third chapter of this article reference was 
made to the manner in which the maximum ad- 
missible operating temperature can be increased by 
incorporation of the vapour jacket. If the value of 
this temperature is given, the cooling system governs 
the temperature difference between it and the cooling 
air, needed to dissipate the heat generated 


Qn = 4p Np Ap At = % Ay, At (32) 


where 


At= temperature difference between the cooled 
shell and the air temperature at the inlet 


Hp At—=mean temperature difference between the 
surface of the cooling fins and the cooling 
air at the inlet 


The better the cooling, i.e. the larger the product 
or NpAp=a,Ay, the smaller the difference At 


5 See p. 645. 
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needed for the given amount of loss power, and the 
higher the maximum admissible temperature of the 
cooling air. Thus, by improving the cooling, it is 
possible to extend the permissible range of the 
cooling-air temperature still further upwards. Conse- 
quently the mutators of this type are provided with 
a new form of fins, which improves the heat transfer 
by 50 to 100%. By employing fin material with a 
much higher thermal conductivity the temperature 
distribution over the length of the body can also be 
made more uniform. For the mutators rated 100 A 
the temperature difference At is now only about 
10 °C. For the heat transfer coefficient, referred to 
the surface area of the cooling shell, it was possible 
to attain values of the order of 0-1 W/cm? °C, i.e. of 
the same order of magnitude as for water cooling 
(0-25 to 0-5 W/cm? °C). By means of this new fin 
design the permissible temperature for the cooling 
air has been increased so much that series cooling of 
two tanks is now feasible. In other words, the air may 
first pass through the lower row of mutators (see 
Fig. 3a on p. 647) and its temperature be raised 
accordingly (4 °C at full load), before it passes on 
through the upper row. This results in a very simple 
layout of the cooling system and, if requested, permits 
an air-to-water heat exchanger to be incorporated, 
so that a closed air circuit can be employed inside 
the cabinet. In this way the advantage of water 
cooling is achieved as it avoids the expense of in- 
stalling air ducting, as well as eliminating the dis- 
advantages, such as hydrogen diffusion, corrosion, 
difficulty of insulating the tank, especially with the 
anti-parallel connection, and the inability to replace 
a tank so easily. 

By combining these new constructional elements, 
which have been subjected to exhaustive individual 
and endurance tests, with the old, well-tried elements, 
such as Kovar-glass seals for the anode, grid and 
excitation bushings, jet ignition, etc., Brown Boveri 
have succeeded in creating a very neat new design, 
whose performance, referred to the permissible surge 
power in MW which may be repeated as frequently 
as desired, gives figures of 320 kg/MW for the weight, 
1-1 m3/MW for the volume, and 0-5 m?/MW for the 
floor area, permitting the new mutators to compete 
on level terms with modern uncontrolled silicon rec- 


tifiers. At the same time the performance with respect 
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Fig. 10. — Single-anode mutators (with vapour jacket) types 
Lg 41 and Lg 61 


Top: Type Lg 41 Rated current 100 A 
Thermal limit 175A 
Max. continuous inverse voltage 5kV 
Capable of withstanding load surges up to 4 x J, 
Bottom: Type Lg 61 Rated current 300 A 
Thermal limit 500 A 
Max. continuous inverse voltage 5kV 


Capable of withstanding load surges up to 3 x J, 
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to temperature was improved to such an extent that, 
for normal applications, there is no need for any 
supplementary equipment to maintain a definite 
temperature, and cooling can be carried out solely 
by an uncontrolled fan. Neither is there any need 
for supervision of the temperature. 


(KME) E. ANWANDER 


Appendix 


Meanings of the various symbols 


a Outlet cross-section of a simple orifice [cm?] 
A, Condensation surface area [cm?] 
Ax Cathode area [cm?] 


A,, Surface area of mutator shell with cooling 
fins [cm?] 
Ax Surface area of cooling fins [cm?] 


B Abbreviation defined by equation (7) 


cx Critical speed of sound [cm/s] 

D Quantity of vapour produced per second 
[g/s] 

F Quantity of vapour dependent on current 
[mg/As] 

G Amount of vapour emitted by the jacket [g/s] 

I Mutator current [A] 

k 1-38 x 10-!6 [erg/°K] Stefan-Boltzmann’s 

constant 


myg 328-2 x 10-24 [g] molecular weight of mercury 

M, Quantity of condensate [g/cm?s] 

ns Vapour concentration in the vicinity of the 
anode [cm-3] 

Np Vapour concentration [cm-*] 

Np Concentration of saturated vapour at the 
temperature of the liquid (condensed 
mercury) [cm-3] 

ni,q Vapour concentration inside the jacket, or 
at the mouth of the opening [cm-3] 

nk Concentration of saturated vapour at the 
temperature of the surface of the cathode 
mercury [cm-3] 

n, Concentration of saturated vapour [cm-3] 

Pi,o Pressure inside the jacket, or at the mouth of 
the opening [dyn/cm?] 


Ps 
% 


WmD 


Pressure of saturated vapour [Torr] : 
Fraction of energy lost over condensation sur- 
face [W/A] 

Fractions of energy lost over surface of cathode 
and anode, respectively [W/A] 

Mutator losses at rated current [W] 


4-22 x 10° [erg/°K.g] Gas constant of Hg 


vapour 
Total thermal resistance [°C/W/cm?] 
Thickness of the steel walls [cm] 
Thickness of the mercury layer [cm] 
Anode temperature [°K] 
Temperature of the mercury vapour [°K] 
Temperature of the liquid (condensed Hg) 
[°K] 
Temperature at the surface of the cathode 
mercury [°K] 
Temperature of saturated vapour [°K] 
Temperature of cooling water 


Temperature difference between cooled shell 


and cooling air at inlet [°K] 

Arc voltage [V] 

Unoccupied volume of tank [cm?] 
Unoccupied volume of jacket [cm] 

Velocity of flow of mercury vapour [cm/s] 
Speed at which it emerges from the mouth of 
the opening [cm/s] 

Mean thermal velocity [cm/s] 


Mean thermal velocity at the vapour temper- 


ature [cm/s] 


Mean thermal velocity at the temperature of 
the liquid (condensed Hg) [cm/s] 


Mean thermal velocity at the temperature of 


saturated vapour [cm/s] 
Most probable molecular velocity [cm/s] 5 


Amount of condensate arriving 


[molecule/cm?s] 


Number of vapour molecules arriving 
[molec./cm?s]| 


Number of molecules leaving the liquid Hg 
condensate [molecule/cm?s] 


Rise time constant of the density [s] 
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a = Qn/Any Heat transfer coefficient referred to 
cooled surface area of mutator shell 
[W/°Kem?] 

XK, Xr, Xp Heat transfer coefficients at the 
cathode bottom, at the mutator 
shell and at the cooling fins, re- 
spectively [W/°Kcm?] 


B Reflection factor at the tank wall 

Br Reflection factor at the cathode 
surface 

NR Efficiency of the fins at full air 


speed, i.e. with heat transfer coeffi- 


cient &p 


% = ¢,/¢, =5:3= Ratio of the specific heats for Hg 
vapour 

Aug, Are Thermal conductivity of mercury 
and steel [W/°Kcm2] 

0i, 9 =i; Mug Vapour density inside the jacket or 
at the mouth of the opening 
[g/cm?] 

t=(1—f) Transmission factor 

Quantities marked with an aster- 


isk refer to the critical state (rate of 
flow = speed of sound) 


Bibliography 


{1] T. Wasserras: The load capacity of mutators. Brown 
Boveri Rev. 1955, Vol. 42, No. 4/5, p. 133-43. 


[2] R. Riscu: Uber die Kondensation von Quecksilber an 
einer vertikalen Wand. Helv. phys. Acta 1933, Vol. VI, 
No. 2, p. 128-38. 


[3] J. v. IssenporF: Die Verdampfung an der Kathode des 
Hg-Bogens. Phys. Z. 1928, Vol. 29, No. 23, p. 857-64. 


[4] 


[5] 


[6] 


[7] 


[8] 


[9] 


[10] 


[11] 


[12] 


E. Kose: Pressure and high-velocity vapour jets at the 
cathodes of a mercury-vacuum arc. Phys. Rev. 1930, 
Vol. 36, No. 11, p. 1636-8. 


E. Scumipt: Untersuchungen iiber die Bewegung des 
Brennfleckes auf der Kathode eines Quecksilber-Nieder- 
druckbogens. Ann. Phys. 1949, Vol. 4, No. 5, p. 246. 


H. v. Berreve: Niederdruck-Stromrichterventile. Publ. by 
Springer, Vienna 1952. 


H. v. BERTELE: Pool surface and cathode spot temperature 
of mercury cathodes as a problem in heat conduction. 
Brit. J. appl. Phys. 1952, Vol. 3, No. 4, p. 127-32. 


T. WAsserRAB: Zur Theorie des Quecksilber-Kathoden- 
flecks. Z. f. Phys. 1951, Vol. 130, p. 311-20. 


R. Riscu: Der Quecksilberdampfdruck in Mutatoren Bau- 
art Brown Boveri. Bull. schweiz. elektrotech. Ver. 1938, 
Vol. 29, Vol. 25, p. 710-13. 


R. JAECKEL: Kleinste Drucke, ihre Messung und Erzeu- 
gung. Publ. by Springer, Berlin 1950. 


T. WAssERRAB: Zur Beschreibung von Quecksilberdampf- 
stromungen mit Uberschallgeschwindigkeit. BBC Nachr. 
1951, Vol. 33, No. 2, p. 35-44. 


W. Motrnuan: Die Ausbreitung eines Dampfstromes im 
Vakuum und deren Bedeutung fiir die Wirkung der 
Diffusionspumpe. Z. tech. Phys. 1926, Vol. 7, No. 8, 
p. 377-88. 


[13] J. Stepran, W. M. Brusaker: Condensation of mercury 


[14] 


[15] 


[16] 


[17] 


in mercury-arc tubes. Elect. Engng 1940, Vol.59, p.381—4. 


E. Scumipr: Einfiithrung in die technische Thermodyna- 
mik. Publ. by Springer, Berlin 1956. 


E. H. Lupwic: Gesetzmassigkeiten fiir den Riickstrom in 
Quecksilberdampf-Stromrichtern. Z. angew. Phys. 1955, 
Vol. 7, No. 1, p. 17-27. 


M. J. ScHONHUBER: Advanced manufacturing techniques 
in the sphere of mercury-arc converters. Brown Boveri Rev. 
1961, Vol. 48, No. 10, p. 572-86. 


HsurE-SHEN Tsten: Superaerodynamics, mechanics of rari- 
fied gases. J. aeronaut. Sci. 1946, Vol. 13, p. 653-64. 


Tue Brown BoveERI REVIEW 


VOL. 48, No. 11/12 


ba 
7 


PROPERTIES OF THE 
NEW BROWN BOVERI SINGLE-ANODE 
MERCURY-ARC CONVERTERS 


Beginning by referring to the conditions to be fulfilled by 
mercury-arc converters in modern rolling mills, the present 
article describes the properties of the new range of Brown 
Boveri single-anode mutators rated 100 and 300 A, respect- 
ively. It is demonstrated that, owing to their being equipped 
with the “vapour jacket’’, these units are able to cope with 
the load surges occurring when operated with heavy rever- 


sing drives. 


OR MODERN reversing drives the time taken 

in reversal has to be as short as possible. Conse- 
quently increasing preference is being shown for 
static converters, particularly in cross or anti- 
parallel connection, as they exhibit the shortest dead 
times. The design and principle of these two-con- 
verter connections are described in a later article 
(see page 650). As it uses a simpler transformer, 
the anti-parallel connection is less expensive than 
the cross connection. Essential for the adoption of 
the anti-parallel connection is the availability of 
suitable single-anode converters, which have to 


possess the following properties. 


High surge load capacity over a wide temperature 


range 
High electric strength 
Low backfiring rate, even at large delay angles 


Design as excitron with excellent control properties 
and stable excitation to maintain the cathode spot 
under all circumstances likely to be experienced 


in operation 


Design as pumpless, air-cooled tanks, assembled 
complete with all auxiliaries to form building 


blocks with a potential which can be freely selected 


Accommodation of the building blocks in cabinets 
occupying a minimum of floor-space, with free 
choice of coolant 


621.314.65 


To satisfy these requirements Brown Boveri devel- 
oped the single-anode converters rated 100 and 300A, 
respectively. The units possess some remarkable new 
properties, which will now be discussed in detail. 


Surge Load Capacity 


With any two-converter connection, including the 
anti-parallel connection, the ratio of the surge load 
to the mean load current of the valves is very 
large because the converters are carrying the current 
alternately. For instance, it may be as much as 6: | 
in an installation where the surge current is three 
times the rated figure. Single-anode converters with 
a high overload capacity therefore allow the favour- 
able anti-parallel connection to be employed with 
heavy reversing drives of all kinds, without greatly 
exceeding the outlay for a single-converter connec- 
tion. | 


Fig. 1 shows the overload capacity of the new 


single-anode units in comparison to that of the 
classical multi-anode rectifiers with and without rare- 
gas filling, as a function of the temperature of the 
tank. Whereas the multi-anode mutators, even at 
the optimum operating temperature, could only be 
overloaded with a current roughly corresponding to 
their thermal limit, the new units can cope with cur- 
rent surges amounting to four times the rated current 
in the case of the 100-A unit, and three times in the 
case of the 300-A unit. The difference in the surge 
load capacity becomes still more pronounced when 
the tanks are at room temperature (compare curve 
a in Fig. 1 with curve d). 

The current-carrying capacity of mercury-arc con-_ 
verters is known to be limited by the arc voltage at 


temperatures below the optimum operating tempe- 


NOVEMBER/DECEMBER 1961 


THE Brown Boveri REVIEW 


639 


rature; this voltage increases at such a rate at heavy 
current and decreasing temperature that undesirable 
secondary ignition may occur inside the tank, and 
possibly overvoltages. The reason for this is, in this 
case, that the ion density is insufficient to neutralize 
the negative space charge produced by the electrons. 
The density of the mercury vapour, which decreases 
exponentially with the wall temperature, is so small 
that not enough ions can be produced by the passage 


of current. In order to make the most of the load- 


carrying capacity of the multi-anode mutators, it was 
usual for them to be installed in specially air-con- 
ditioned rooms, or for them to be equipped with 
heating and temperature-regulating devices, in order 
to maintain the working temperature at the optimum 
level. For many years it has been common practice 
to include a certain amount of rare gas in pumpless 
mutators, so as to extend their temperature range 
downwards; at low temperatures the rare gas replaces 
the inadequate mercury vapour and allows the mu- 
tator to run at least at its rated current at such tempe- 
ratures. It is well known that a rare gas filling lowers 
the electric strength and maximum admissible operat- 
ing temperature of a mutator. If the filling were 
dimensioned to permit the passage of three to four 
times the rated current, the mutator would be useless 
for rolling mill service, owing to its poor electric 
strength. Investigations have also proved that, with 
a rare-gas filling, there is a risk of the gas reacting 
under certain circumstances, which may lead to loss 
of conductivity at low temperatures. 

The new Brown Boveri single-anode converters 
have no rare-gas filling. The extraordinarily good 
conductivity of the cold unit was attained by in- 
corporating a new constructional element, the vapour 
jacket (see page 629). During the passage of current 
the mercury vapour pressure inside the jacket is 
raised during the first cycle to such an extent that 
the currents shown in Fig. | can be carried. At higher 
temperatures the current-carrying capacity is limited 
by the increasing tendency to backfire, because the 
excessive number of mercury ions now present reduce 
the blocking capacity of the valve. Here too the 
vapour jacket exerts a beneficial influence. In con- 
trast to the mutators without vapour jacket, the 
density of the vapour, and thus of the ions in the 
immediate vicinity of the valve, was actually less. 


— AIR 
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Fig. 1. — Surge load capacity I of single-anode mutators 
referred to the rated current Iy, at different temperatures 


Single-anode mutator type Lg 41 
Single-anode mutator type Lg 61 
Multi-anode mutator with rare-gas filling 


ma» pe 


Multi-anode mutator without rare-gas filling 


Thus at the lower end of the temperature range the 
jacket produces the desired rise in pressure needed 


to enable the converter to carry the current, and at 


10 
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Fig. 2. — Peak post-arc anode current of a single-anode mutator 
with and without vapour jacket, in terms of the temperature 


a: Without vapour jacket 
b: With vapour jacket 
iv= Peak post-are anode current 
ivi = Peak post-are anode current of a mutator without vapour 


jacket, at a temperature of 60 °C 
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Fig. 3. — Probability of an anode failing to block, as a function 
of the peak anode inverse voltage U with surge loading 
W = Probability 
@ = Mutator type Lg 61 
© = Mutator type Lg 41 
poaistadeet OS Wiha (Vee ED a 
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the upper end of the range it reduces the vapour 
density, thereby appreciably widening the tempera- 
ture range. This relationship is illustrated in Fig. 2, 
showing measurements of the post-arc anode current, 
which is representative of the mercury vapour 
density in the region of the valve; these figures are 
plotted against the mutator temperature. From the 
shape of the curve it is evident that with the vapour 
jacket it is possible to approach much nearer the 
ideal situation where the vapour density is not 
affected by the temperature of the tank. The physical 
relationships governing the variation of the vapour 
density in a tank with vapour jacket are discussed at 
some length in the preceding article (beginning on 
page 623). 


Electric Strength 


The voltage stresses to which static converters are 
subjected by rolling-mill drives depend on the rated 
voltage of the motor being fed. The maximum 
armature voltage of such motors is in the region of 
1500 V. The peak value of the anode inverse voltage 
corresponding to this d.c. voltage is at the most 


3-5kV with the most common hexapulse connec- 


tions. The converter must be able to block this volt- 


age dependably. As investigations have proved, there 
is no sharply defined limit for the electric strength 
of a mutator. The number of times it fails to block, 
like the backfire rate due to increased duty at the 
moment of extinction of the anode, is a probability 
function which, in terms of the inverse anode voltage 
can also be described by Poisson’s formula 
n 
Wn) == Cah c. 
in which y is proportional to the inverse anode volt- 
age U. According to our measurements [3], the pro- 
portionally factor is 7 « 10-+. Fig. 3 shows the meas- 
urements obtained with the single-anode converters 
investigated when subjected to surge loading. It will 
be observed that the probability of occurrence of a 
backfire in either of the two converters, whose design 


is similar, can be well expressed by the formula 


e-7-10"0 (7 | 10-4 0) 22 


Mee 991 


One year’s continuous operation by a group of six 
single-anode converters contains a total of roughly 
10!° inverse periods at 50 c/s. From Fig. 3 it is 
evident that at the maximum inverse voltage of 
3:5 kV, the probability of failure to block is very 
much less than 10-!°, i.e. much less than | failure per 
group of six per year in continuous operation. On 
account of the heavy surge currents experienced, a 
valve design with a particularly high electric strength 
is required for this. 

The continuously admissible anode inverse voltage 
of 5-2 kV, derived from Fig. 3 for W = 10-!°, may occur 
temporarily as initial inverse voltage at the moment 
of extinction of the anode but not continuously. The 
anode blocking duty at the moment of extinction, 
according to [4], is governed not only by the initial 
inverse voltage Aw but also by the rate of change of 
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the anode current dz,/dt. This relationship was taken 
into account during the determination of the 
characteristics dealt with in the next chapter, show- 
ing the load capacity in terms of the direct voltage 
and the delay angle. 


Load Capacity in Terms 
of the Direct Voltage and the Delay Angle 


For converters employed in conjunction with 
reversing drives the load capacity should, as far as 
possible, be independent of the degree of control 
cos « (where «=delay angle). The anode blocking 
duty! of such converters must therefore be sufficiently 
high so that, even with conventional transformer 
impedance voltages, the probability of backfire! in 
the most unfavourable conditions (% = 90°) amounts 
to 10-!°, i.e. in 8700 hours operation not more than 
one backfire should occur per group of six anodes. 
Fig. 4 shows the load capacity of the new single-anode 
tanks in single-converter connection in terms of the 
direct voltage, with the degree of control as parameter. 
The currents shown are mean d.c. values per tank, 
the surge currents shown in Fig. 1 being permissible 
provided the mean value remains the same. These 
figures apply to normal transformer impedance volt- 
ages, referred to the permissible load current of the 
tanks as in Fig. 4. 

For the anti-parallel connection it must be borne 
in mind that only half the number of installed single- 
anode tanks is in action at one time. The other half 
is either carrying the figure-eight current, or if this 
current is suppressed, these tanks are blocked 
altogether by the grid control. The alternation in 
the carriage of the current by the mutators takes 
place each time the direction of rotation is reversed. 
The anode blocking duty of the mutator which is 
momentarily carrying current is governed by the 
transformer, which is dimensioned for the full power 
of the installation. If the intention is to employ the 
anti-parallel connection, using the same number of 
tanks as for the single-converter connection, half the 
number of mutators must withstand the full trans- 
former power during the passage of current. On 
account of the proportionality between the trans- 


1 As defined by Wasserrab [2]. 
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Fig. 4. — Load capacity of single-anode mutators type Lg 41 
and Lg 61,in terms of the direct voltage and degree of control 
in single-converter connection 


I= Mean value of load current 
100 A 
300 A 


Iy = Rated current (mean value) for type Lg 41 
for type Lg 61 


a: Delay, cosa = 1-0 
b: Delay, cosx =0-8 


c: Delay, cosx=0 


former power and the anode blocking duty, the 
momentary value of the anode blocking duty is 
twice as high as with the single-converter connection. 
The arithmetic mean of the anode blocking duty 
and anode current, with respect to the full operating 
time, is equal, however, for both connections. The 
deciding factor in the planning stage is always the 
stipulation that the probability of backfire in an 
installation should not exceed a definite figure. For 
the relationship between the probability of backfire 
and the anode blocking duty the Poisson probability 
function may be replaced to a first approximation by 


ut Gel 
W, \B 


On account of the high power, e.g. n =6, when the 


the expression [3] 


anode blocking duty is doubled, for instance, while 
maintaining constant mean value, the number of 
backfires occurring will not be the same, but 2°/2 = 32 
times more than in the single-converter connection. 
Owing the operation being intermittent, the anode 
blocking duty to maintain constant rate of backfiring 
may only be increased by 2, i.e., in the example, 
by 4/2 = 1-08—in other words an increase of only 
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8%. Reduction of the mean anode load current or 
increasing the impedance voltage of the transformer 
in order to lower the anode blocking duty is there- 
fore inadmissible. Since in the Brown Boveri muta- 
tors the anode blocking duty increases with decrea- 
sing mean anode current, it is sufficient to reduce 
the current by one-third. But since the absolute 
value of the surge current must not be reduced, 
the surge load capacity referred to the reduced mean 
value increases from 4 to 6 for the type Lg 41 
mutator rated 100 A, and from 3 to 4:5 for the type 
Lg Gl rated 300 A. As a result, with the anti-parallel 
connection and taking full advantage of the surge 
load capacity, the following surge currents can be 


permitted : 


For installations with type Lg 41 units 


3 & rated current 


For installations with type Lg 61 units 


2-25 rated current 


This conforms to practical requirements because 
for installations with high powers the ratio of the 
surge current to the rated current also becomes 
smaller. 

The figures given for the loading were based on 
the results of exhaustive tests carried out at con- 
siderably higher anode blocking duties. Equivalent 
circuits were deliberately dispensed with to deter- 
mine the anode blocking capacity, the mutators 
being operated in conjunction with transformers 
whose rated power greatly exceeded that of the 
mutator being tested, thereby increasing the duty. 
This is also important because one of the stipulations 
which must be fulfilled by a reliable converter is that 
it must be able to withstand repeated short-circuit 


loading at high transformer powers. 


Stability of Excitation 


and Control Properties 


The maintenance of the exciting cathode spot 
under all conditions likely to be encountered in 
service is a major problem for all single-anode con- 
verters with continuous excitation (Excitrons). If the 
excitation suddenly ceases, the cathode usually loses 


its emissivity immediately the main discharge is 


extinguished, so that the affected tank does not 
carry any current during the time the excitation cur- 
rent is interrupted. The most frequent cause of inter- 
rupted excitation is the current in the excitation 
circuit, originating in the decaying residual plasma 
after the extinction of the main discharge and pro- 
duced by the ions striking the cathode, the anode 
and the grid, and the electrons flowing away to the 
positive excitation anode. Since this current does not 
require any cathode spot, it forms a very effective 
shunt to the normal excitation current flowing 
through the exciting cathode spot. As a result of this 
shunt, the excitation current, determined by the 
exciter voltage and the resistance in the excitation 
circuit, splits up into the component flowing through 
the exciting cathode spot and the component pro- 
duced by the residual ionization from the main 
discharge. The exciting cathode spot is extinguished 
when the current flowing through the spot drops 
below a certain minimum value. Therefore, to main- 
tain the exciting cathode spot, the “‘shunt current” 
must always be less than the normal excitation cur- 
rent. Since the residual ionization at the moment of 
extinction of the main anode increases with the rate 
of change of the anode current dz,/dt, the tendency 
for the excitation to be interrupted also grows with 
increasing di,/dt. 

In modern single-anode converters, in which the 
cathode is not insulated from the tank, the shunt 
current increases by a multiple, by the addition of 
the “‘wall current”’ resulting from the addition of the 
wall surface to the cathode area. In consequence the 
stipulation that the excitation current must be greater 
than the shunt current can no longer be fulfilled with 
a reasonable outlay. By suitably designing the vapour 
jacket in the Brown Boveri converters it was possible 
to reduce the wall current by two to three orders of 
magnitude, so that the outlay for excitation does 
not exceed that for single-anode converters with 
insulated cathode. This appreciable reduction in the 
wall current is particularly necessary since the ions 
striking the wall during the conducting period can 
lead to an arc parallel to the main discharge, with 
its cathode spot on the wall of the tank. This spot 
may cease to burn at the start of the inverse period. 
But it is feasible for the spot on the pool of mercury 
to go out first, while that on the wall continues 
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burning. The outcome of this is that full main anode 
current flows via the wall during the succeeding 
period, leading eventually to damage or even destruc- 
tion of the tank. From the results of systematic tests 
it proved possible to design the vapour jacket in such 
a way that interruption of the excitation, and migra- 
tion of the exciting cathode spot to the wall due to 
the formation of a parallel arc can be avoided. There is 
no need to use igniter rods to restrike the cathode 
spot immediately the excitation ceases; these rods 
are affected by ageing in any case. To start the 
cathode spot from scratch, the principle of injection 
ignition is employed which has been used for years 
and is not affected by ageing. 

The cathode spot constantly present on the mercury 
pool allows the main anode to strike precisely, pro- 
vided the control grid and the deionization grid in 
front of it are expediently designed. When designing 
the valve of the new single-anode converters, in 
order to attain a low control power, special attention 
was devoted to ways and means of keeping the grid 
and anode firing voltages low and, as far as possible, 
independent of the operational state of the tank. 
Here too, the fact that the mercury vapour pressure 
is hardly affected by the wall temperature exerts a 
beneficial influence. The recovery time of the grid 
does not exceed the 15 elec. degrees usual at 50 c/s 
for heavy-current converters, even when subjected to 
the maximum surge load, thus ensuring that inverter 


operation without arc-through is possible. 


The Building Block with Free Choice 
of Potential 


In order to take full advantages of the well-known 
qualities of single-anode converters, such as the flexi- 
bility in the connection and the simpler storage of 
spare units, the individual mutator elements and 
their essential auxiliaries are combined to form a 
building block—or packaged unit—the potential of 
which can be freely chosen. A prerequisite for this 
is that the mutators are pumpless and air-cooled, 
and that the auxiliaries are reduced to the bare 
minimum, 

For the successful batch production of pumpless 
mutators with a high overload capacity, it is neces- 
sary to resort to the aids of modern vacuum techno- 
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Fig. 5. — Packaged single-anode converter type Lg 41 


Rated current Jy = 100 A 
Surge current 4 x Iy 


logy, the main stress being laid on gas-tight seals and 
degassing as far as possible. ‘The methods adopted by 
Brown Boveri in this sphere have been described in 
detail in this journal [4]. A point worth mentioning 
is that, as the last phase in the extended process of 
evacuation of the single-anode mutators prior to 
sealing off, formation at 1-7 to 2 times the rated cur- 
rent is permissible with this robust design, so that 
evacuation, which plays a major role in determining 
the life of the tank, can be taken to a very advanced 
stage. 

Air cooling was chosen because it eliminates the 
difficulties associated with water cooling, such as 
hydrogen diffusion and corrosion, as well as the long 
hoses needed to keep the potentials apart. By 
equipping the tanks with cooling fins, consisting of 
material having a high thermal conductivity, the 
temperature curve along the wall is almost as uni- 
form as with water cooling; owing to the improved 
heat dissipation the temperature rise of the tank is 
some 50% less than that obtained with normal steel 
fins. 

Owing to the insensitivity to temperature, there is 
no need for any expensive system of fan control. ‘The 
auxiliaries contain the very bare minimum of equip- 
ment, such as a fan, the ignition and excitation 


circuits with supervision, the source of the grid bias 
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and pulse transformers for the control grid. Fig. 5 
shows a complete building block with a packaged 
unit type Lg 41, the circuit diagram of which can be 
seen in Fig. 6. 

The accommodation of these easily interchange- 
able units in suitable cabinets, as well as their layout 
and ventilation are described in the next article, 
beginning on page 645. 

The single-anode converters described above are 
ideal for use in those situations where their out- 
standing properties can be fully utilized, namely 
their high surge load capacity, their insensitivity to 
change of temperature, the easy storage of spares 
and the packaged design. For rolling-mill drives 
involving only slight overloads, the multi-anode mu- 


tators will continue to be employed, as the open-type 


Fig. 6. — Circuit diagram of a 
packaged single-anode mutator type 
Lg 41 for metalclad enclosure 


1 = Converter 

2 = Ignition and excitation 
5=han 

4 = Source of negative grid bias 
5= Pulse transformer for control 


grid 
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installation and the lower outlay for auxiliaries (only 
1 fan and 1 exciter set for 6 anodes) frequently 
allows a lower price per kilowatt to be attained. 

(KME) K. Roru 


Bibliography 


[1] T. Wasserras: Die Ziindspannung von Quecksilberdampf- 
Entladungsgefassen. Z. 1961, Vol. 13, 
p. 194-201. 


angew. Phys. 


[2] T. WasserRAB: The load capacity of mutators. Brown 
Boveri Rev. 1955, Vol. 42, No. 4/5, p. 133-43. 


[3] 'T. WasserRAB: The capacity of mutators when the load 
varies with respect to time. Brown Boveri Rev. 1956, Vol. 
43, No. 11, p. 467-75. 


[4] M. J. ScoONHuBER: Advanced manufacturing techniques 
in the sphere of mercury-arc converters. Brown Boveri Rev. 
1961, Vol. 48, No. 10, p. 572-86. 


NOVEMBER/DECEMBER 1961 


THe BRown Boveri REVIEW 645 
THE NEW METALCLAD TYPE OF SINGLE-ANODE 
MERCURY-ARC CONVERTERS 


The construction of single-anode mercury-are converters 
(mutators) as integral, interchangeable units complete with 
all their auxiliaries, for installation in metaclad cabinets, 
offers various advantages when planning converter installa- 
tions. The most important operating properties of these 
converters are briefly described, followed by details of 
possible methods of installation, methods of cooling and the 


design of the cabinets. 


N ADDITION to their well established range of 
multi-anode mercury-arc converters, Brown Boveri 
now possess a range of new single-anode units. 
The graduation of their ratings was made such that 
the most economical units can be employed for every 
application. These single-anode tanks are pumpless, 


air-cooled mercury-arc converters with control grids, 


115071 1 


their conception and design being based on many 
years’ experience gained by Brown Boveri in the 
manufacture of static converters, combined with the 
results of the latest research and development.! 

Fig. 1 illustrates the new range of single-anode 
mutators, which are shown as packaged units com- 
plete with their auxiliaries; the table below lists the 
main data of the various units. The auxiliaries are 
insulated for the full service voltage with respect to 
the mutator, so that any kind of converter connection 
can be obtained by combining the requisite number 
of packaged units, or “‘building blocks’’, of the same 
kind. 

The values of current shown in the Table are mean 
d.c. values applying at an arcing time of 120 elec- 


trical degrees. The high overload capacity, charac- 


1 See article beginning on page 623. 
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Fig. 1. — Single-anode mutators, packaged units complete with auxiliaries 


a: Type Lg 91 with auxiliaries, mounted on chassis 


b: Type Lg 61 with auxiliaries, packaged drawout unit 


c: Type Lg 41 with auxiliaries, packaged drawout unit 
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teristic for the single-anode tanks, is largely inde- 
pendent of the degree of control, which is a sure in- 
dication of their ideal suitability for use with rever- 
sing industrial drives. 

As a result of the completely new constructional 
design of the single-anode tanks, heavy load surges 
can be withstood when the tank is warm or cold, 
without any need for a rare gas filling or special 
equipment for regulation of the temperature.” 

The units type Lg 41 and 61 have an uninsulated 
cathode and vapour jacket. The latter, on the one 
hand, prevents the wall from being subjected to a 
stream of mercury ions and, on the other, renders 
the vapour pressure largely independent of the tank 
temperature and thus allows the mutator to operate 
in a far wider temperature range than was previously 
possible. The mutator type Lg 91 is of the conven- 
tional design with insulated cathode. 

The principle guiding the design of the cabinets 
was the stipulation that, as regards erection and 
ventilation, they should conform to modern installa- 
tion practice. The metalclad design was adopted 
(this term being in analogy to the method of in- 
stalling switchgear) because the cabinets can then 
be combined with those containing switchgear and 
control gear, as well as auxiliaries of all kinds. Con- 
sequently the main dimensions of the mutator cabinets 
conform to those that have been standardized for 
switchgear. 

The assembly in cabinets allows a very flexible 
arrangement to be employed in the installation, 


regardless of the presence of other elements. All 


* See article beginning on page 634. 
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Mutator type | Lg 41 Lg 61 | Lg 91 
Rated current A 100 300 600 
Thermal limit 
current * A 175 500 900 
Max. permissible surge 400 900 1200 
current (short-time) A| =4xZ, | =3xJ, | =2xz, 
Max. sustained inverse 
voltage kV 5 5 7-5 
Method of installation Cabinet | Cabinet | Cabinet 
with with with 
6 units 3 units 3 units 
Cabinet dimensions 1-3. 2-2 | 2-0 >¢2-27 ees 
(width x height x depth) m x 0-8 x 0-9 KAZ 


*Maximum current for which the tank is thermally dimensioned. 


components are accessible from the front. A few 
typical arrangements are illustrated in Fig. 2. 
Whereas the layouts in Fig. 2a and c¢ are specially 
suited to large installations where the mutators are 
housed in separate rooms, the layout in Fig. 2b or d 
may be chosen for a smaller installation, such as for 
the drive of a machine tool or mines winder. The 
recessed mounting (d), in particular, is most eco- 
nomical as regards space. 
When planning mutator installations special 
attention always has to be devoted to the ventilation 
of the mutators and the rooms in which they may 
be installed. There are various reasons for this. 


Firstly the heat generated by the tanks has to be 


—-- ai a oe — a bet int ces Sale dik de 


117261-1 


Fig. 2. — Alternative arrangements of cabinets containing single-anode packaged mutators 


a: Floor mounting, single row b: Wall mounting 


c: Floor mounting, double row d: Recessed mounting 
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Fig. 3. — Methods of ventilating 


mutator cabinets 


a: Ventilation of cabinets contain- 
ing mutators type Lg 41 


b: Ventilation of cabinets contain- 
ing mutators type Lg61 or 91 


1 = Single-anode mutators 
2 = Fans 
3 = Air-water heat exchanger 


4 = Air flow with closed circuit 9 
5=Air intake with open circuit 


(from front, back or below, as 


. 
<e bt ag— — 


desired) ; 


{__.__,____J 


6 = Air outlet with open circuit BROWN BOVERI 


dissipated; then, those mutators having an insulated 
cathode of the conventional design require a controlled 
amount of air in order to maintain the optimum 
operating temperature of the tank. Mutators of the 
new design with vapour jacket do not require any 
equipment to supervise or regulate the temperature; 
their fans are always running at full speed. These 
tanks are always ready for immediate operation at 
any ambient temperature. 

The various methods of ventilating the cabinets are 
illustrated in Fig. 3. In principle, one may choose 
between the following methods: 


Cooling air drawn in from the room through 
openings in the back or front of the cabinet. 


Cooling air drawn in from the basement or through 


a duct from a fresh air supply. 


Closed-circuit cooling in a hermetically sealed 
cabinet equipped with a air-water heat exchanger. 


ag 117263" 


J 


All variants of the same type of mutator have the 
same kind of chassis for mounting in the cabinet. They 
only differ from one another in the enclosure and the 
possible inclusion of a heat exchanger. They permit 
almost any combination with the room ventilation, 


for example: 


Free exhaust without any heat exchangers, when 
installed in a room providing an adequately large 


volume of circulated cooling air. 


Installation without causing a draught in the room 
by incorporating a heat exchanger in the cabinet; 
if the volume of the room is limited, this method 
saves space due to the ability to dispense with 
ducting. 

Cooling circuits with extra fans and separate heat 
exchangers, the air being carried by special ducts 
under the floor, or with exhaust into the room 
direct. 
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Fig. 4. — Cabinet containing six units type Lg 41 


Data of each unit: 


Rated current 100 A 
Peak current 400 A 
Max. direct voltage 1500 V 


Fig. 4 shows a cabinet containing six units type 
Lg 41. These units are arranged in two rows of three. 
Fig. 5 shows the same cabinet with its doors closed, 
in which the air inlet openings are clearly visible. The 
rate of flow of the air at the inlet is less than | m/s. 
With the mutator units removed, the cabinet can be 
transported by four carrying loops, which are later 
removed. The auxiliaries are fed separately for each 
row, thus allowing two quite distinct drives, each 
requiring three tanks, to be operated from a single 
cabinet. The six anode fuses and their supervisory 
elements belong to the standard equipment. In the 
event of a fuse blowing, the defective unit can be 
found by inspecting the indicators on the fuses 
themselves. The fuses are, of course, installed in an 


easily accessible position. To protect the operating 


Fila 
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Fig. 5. — Cabinet containing six units type Lg 41 with air 
intake through the closed doors 


Dimensions: 


Width 1-3 m Height 2:2 m Depth 0-8 m 


staff, a door contact automatically disconnects the 
installation when the door is opened, thus enabling 
work to be carried out inside the cabinet in complete 
safety. In addition to the air-water heat exchanger, 
other optional items are anode current transformers 
for use with protective and measuring equipment. 

Having regard to the high r.m.s. values of the 
anode currents (up to 350 A for the type Lg 41), 
screw connections are provided for the main termi- 
nals. Robust screwed terminals are employed for all 
auxiliary leads. 

The drawout units are ventilated in pairs in series 


from the bottom upwards, i.e. the air, after cooling 
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Fig. 6. — Cabinet for three units type Lg 61 or 91 


The cabinet can accommodate three drawout units. On account 


of their greater weight, a transport trolley is provided. 


1 = Drawout single-anode mutator with auxiliaries 
2 = Air-water heat exchanger (optional) 

3 = Mutator auxiliaries 

4 = Terminals for auxiliary wiring 

5 = Trolley for transport 


A, B, C= Facilities for running the anode and cathode leads 


the lower tank, passes on to the upper tank and cools 
it before being expelled. This is made possible by the 
high efficiency cf the cooling fins and by the fact that 


operation of the mutator is largely independent of 
its temperature. Hence the amount of air circulated 
is halved, thereby reducing the size of the ducting and 
the dimensions of the heat exchanger, if provided. 

Fig. 6 shows the arrangement of the cabinets for 
mutators type Lg 61 and 91. In this case each 
cabinet only contains three units. Alternative facilities 
are provided for the connection of the heavier main 
leads, in contrast to the cabinet for type Lg 41, in 
which the main leads are always brought in from 
below. For transport and replacement of the units a 
trolley is provided, whereas the lighter type Lg 41 
can be carried by the four handles provided (see 
Fig. 1). 

To the advantages of the single-anode mutator 
mentioned at the beginning of this article may be 
added their suitability for installation in metalclad 
cabinets. The flexibility of installation, combined 
with the various possible methods of ventilation, 
provide a wide choice for the planner, who can 
exploit them to obtain the most expedient and 
harmonious arrangement for the complete installa- 
tion. 


(KME) P. SCHNEIDER 
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TWO-CONVERTER CONNECTIONS WITH SUPPRESSED 
FIGURE-EIGHT CGURRENT 


The logic elements of the Brown Boveri electronic system 
can be combined with analogue closed-loop control systems. 
A typical application is described in this article, which ex- 
plains the nature and advantages of two-converter connec- 
tions in which the figure-eight current is suppressed, and the 
principle of a simple current control system. The second part 
of the article is devoted to a number of practical applications 
for armature and field supply. A system of speed control with 
cascaded current control is described as an example of 
armature supply. Contiflux and Ward-Leonard generator 
field control are examples of the latter form of supply. Finally 
a system of discontinuous field supply as employed for revers- 
ing drives with field reversal is dealt with. 


Nature and Advantages 
of Two-Converter Connections with 
Suppressed Figure-Eight Current 


N REVERSING d.c. drives, where the motor field 
is constant, the armature current has to change 

direction when the flow of energy has to be reversed. 
A feature of the Ward-Leonard drive is the easy 
reversal of the current. It is enough to change the 
sign of the difference between the e.m.f. of the 
generator and the motor to make the current flow in 
the other direction. In a drive fed from a static con- 
verter the current immediately becomes zero when 
the e.m.f. of the motor is raised above that of the 
converter. The voltage of the converter can be 
reversed, but not its current. In order to benefit 
from the well-known advantages of static converters 
with reversing drives, it is necessary to employ 
separate rectifiers for each direction of the current. 
Instead of feeding the armature of a motor, the two 
converters can feed a load of more variable nature, 
such as a motor field. 

The two converters can be connected together in 
two quite distinct ways. One is the cross connection 
illustrated in Fig. la, in which the converters are 
either connected to two separate secondary windings 
of one transformer, or to two different transformers. 


621.314.65.06 


The cathodes are inter-connected through the load, 
and the two main circuits are closed by the cross- 
connections between the cathode and the neutral of 
the opposite system. In this arrangement the cathodes 
of the rectifier sections of the two systems are common, 
so that it is also possible to use multi-anode mercury- 
arc converters. 

Fig. 1b shows the anti-parallel system. Connected 
to each phase of the transformer are two static 
converters, working in opposite directions, so that 
the cathode of the one is joined to the anode of the 
other. On the load side all the cathodes are connected 
in parallel for the one direction of the current, while 
for the other all the anodes are paralleled. This 
arrangement therefore requires single-anode con- 
verters. The advantage of the anti-parallel connec- 
tion over the cross connection is that the transformer 
only has to have one secondary winding. 

For drives employing semiconductor thyratrons, 
on the other hand, the anti-parallel bridge connec- 
tion (as shown in Fig. 2) is particularly interesting. 
The path of the current at any moment is closed 
through two converters at the same time, and does 
not lead back to the neutral of the transformer but 
to another phase. The advantage of this arrangement 
is that the ratio of the peak value to the mean value 
of the current in a rectifier is reduced; simultane- 
ously the ratio of the maximum inverse voltage to 
the maximum direct voltage is also more favourable. 
It is well known that the maximum inverse voltage 
of semiconductor rectifiers is smaller than that of 
mercury-arc rectifiers. For this reason this circuit 
allows better use to be made of the thyratrons. A 
bridge arrangement of this kind, equipped with the 
new Brown Boveri silicon thyratrons type CS 100, 
can handle an output of about 65 kW. 

For the control system it is immaterial whether 
the converters are in cross connection or anti- 
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Fig. 1. — Two-converter connections 


a: Cross connection 
Tr,, Tr, = Transformers 
Mr,, Mr, = Mutators (mercury-arc converters) 
M = D.C. motor 
L,, Lz = Reactors limiting the figure-eight current 


If the figure-eight current is suppressed, the reactors L, and 
L, can be dispensed with. 


parallel. Therefore, if the two systems are considered 
as parts of a closed control loop, they may both be 
referred to jointly under the common term of two- 
converter connection. 

Hitherto the usual method of controlling two- 
converter arrangements was for the two converters 
to be controlled simultaneously in opposite senses. 
The one is acting as a rectifier, giving power up to 
the load. For the other the input voltage is negative; 
it therefore acts as an inverter and is controlled to 
the same voltage. The mean values of the two con- 
verter voltages are kept equal; their momentary 
values, however, are different. This produces a cur- 
rent which flows round through the entire system 
and, with special allusion to the cross connection, 
is referred to as the “‘figure-eight”’ current. Unless 
special precautions are taken, this current can attain 
quite high values. It must consequently be limited 
to a tolerable level by including reactors in the two 
converter circuits. These reactors are very expensive 
items, especially in large installations. When high 
powers are involved, it may also be necessary to 
include a special control system for the figure-eight 
current, which influences the grid control of the two 
converters in such a manner that the figure-eight 
current is constantly kept down to about 10% of 
the rated current. Finally, the figure-eight current 
acts as a constant impedance for the mains. 


b: Anti-parallel connection 


Tr = Transformer 
Mr,, Mr,, Mr; = Mutators for the first direction 
Mr,, Mr,, Mr, = Mutators for the second direction 
M = D.C. motor 
L,, L,= Reactors limiting the figure-eight current 


If the figure-eight current is suppressed, the reactors L, and 
L, can be dispensed with, as in the cross connection. 


A new solution was arrived at during the develop- 
ment of the digital elements of the Brown Boveri 
electronic system. By means of a contactless relay 
circuit, referred to simply as a logic element, it is 
possible to ensure that only one converter carries 
current at a time, thus suppressing the figure-eight 
current altogether. When the current is reversed, 
the change from one converter to the other is effected 


in a brief dead-time of 6—10 ms. 
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Fig. 2. — Anti-parallel bridge circuit with semiconductor 
rectifiers 


Tr = Transformer 
M = Motor 
1, 3, 5, 7, 9, 11 = Rectifiers for the first direction 
2, 4, 6, 8, 10, 12 = Rectifiers for the second direction 
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Fig. 3. — Current control circuit for anti-parallel connection 
with suppressed figure-eight current 


Tr = Transformer 
Mr,, Mr, = Converters 
S,, Sg = Current transformers 
Z = Load, e.g. motor 
G,, G, = Grid control sets 
V = Control amplifier 
I, = Desired value for current 
I,, I, = Actual values of current 
I= Deviation 
b,, 6b, = Blocking signals for grid 
control sets 


Principle of a Simple 
Current Control System 


The basic principles of a two-converter connection 
in which the figure-eight current is suppressed will 
now be considered. Reference is made to a current 
control system, such as the one shown in Fig. 3, in 
which Z may be any load, for example a motor. 
‘This circuit may form part of a speed control system 
in the case of armature feed, or voltage control when 
the field is fed. The desired value of the current is 
assumed to vary continuously as a function of some 
other external variable. The actual value of the 
current is given by the two separate currents, at 
different polarities, corresponding to the directions 
of the desired value. This solution was chosen in 
order that a figure-eight current can be correctly 
determined if it occurs. If, for any reason, both con- 
verters should carry current at the same time, both 


grid control sets would immediately be blocked by 


the logic element. Thus a figure-eight current is 
suppressed in any case. 

The two grid control sets are controlled by an 
equal and opposite amount by the push-pull outputs 
of the control amplifier. If the two converters were 
both in operation at the same time, they would both 
produce the same mean voltage, though the one 
would be acting as rectifier and the other as inverter. 
The circuit is largely identical with a two-converter 
connection with smoothing reactor but without con- 
trol of the figure-eight current, as was usual hitherto. 
Each grid control set can also be influenced by a 
logic signal (6, and b,). If the grid control is to func- 
tion normally, the logic signal must have the value 0; 
if it is 1, the grid control set concerned does not emit 
any pulse to the respective converter, so that the 
latter cannot carry current. 

In the current control system under consideration, 
the converter 1, for instance, is in operation and 
allows the current J, to flow. In this case the desired 
value is positive. If in this initial state a negative 
desired value is given, the control system reduces 
the current J, to zero, the logic element detects this 
disappearance of the current and blocks the first 
grid control set. After a brief time-lag the second 
is released, allowing the valve which was previously 
carrying current to attain its full blocking capacity. 
The control system then supervises the build-up of 
the current /, to the preset value. The change back 
to the original direction is effected accordingly. 

The stipulation that the switching actions must 
be performed rapidly and accurately leads to contact- 
less elements of the kind belonging to the Brown 
Boveri electronic system. The following tables list 
the most important elements of logic circuits. Table I 
shows AND, OR and NOR operators. The stand- 
ardized components of the Brown Boveri electronic 
system have three or four inputs; the diagrams in 
Table I must therefore be extended accordingly. An 
AND operator may be replaced by a NOR operator, 
when the following identity has been established. 


ate és =(¢ + & ) 
This is easily checked by setting up the truth table. 
The NOR operator is obtained from the OR circuit 


by inversion of the output. If an OR operator is 
available, which also possesses the inverse output, i.e. 


—" 


a 
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Relay circuit Truth table 

| ey | es | a 

Ey eI — 
a 
€2 
0 0 0 
0 1 0 
éj°€g=a 
Ep / 0 | o 
120105+Ib 
1 1 1 


120105*la 


AND 
OR Ey 
TABLE I 
Relation of two logic signals Ey 
£ = Inputs to relay circuits NOR 


e = Corresponding inputs to logic 
circuits 

A= Outputs from relay circuits 

a= Corresponding outputs from 
logic circuits 


the NOR function, it is possible to realize all AND 
and OR relations with this one element. This com- 
ponent is included in the standard programme of the 
Brown Boveri electronic system as a printed circuit. 
Thus the circuit can be assembled neatly with a 
minimum of alternative hardware. 

Tables II and III show further examples of logic 
operators, such as signal retarder, signal blocker, 
analogue-to-digital converter and digital-to-analogue 
converter. The logic element used to suppress the 
figure-eight current in the two-converter connection 
consists of a combination of the above elements. 

The input quantities for the logic unit are the two 
rectifier currents J, and /,, and the desired value for 
the current J,. These three quantities are converted 
into logic signals in analogue-to-digital converters. 
The symbols 7, and 7, denote the logic signals for the 
first and second current, respectively, such that the 
value of i, is | when the current J, is present, and vice 


eI 
, 0 0 0 
€2 
Ey 


ey t+é9=a 
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120105+lc 


! l é 0 0 1 
E3 


ej] +éo=a 


A 1201051 f 
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versa. The desired value J, is converted into the logic 
signal i,, with the value | when J, is negative. The 
control system allocates a positive desired value J, to 
the current J, and a negative J, to J,. Thus in the 
steady state 1,=0 corresponds to 4,;=1 and 7,=0. 
For i,=1 the situation is reversed, i.e. 7) =0, = 1. 
The blocking signals from grid control sets 1 and 2 are 
denoted by 6, and dg, respectively. 

This logic system therefore has three inputs, 7,, ¢, 
and 7,, and two outputs b, and b,. The possible com- 
binations of the inputs are shown in Table IV. These 
are allocated definite values of the outputs 5, and d,, 
according to the manner of operation of the circuit 
in which the figure-eight current is suppressed. If 
the conditions are established for blocking the first 
grid control set in accordance with Table IV, the 


following equation is obtained: 


mete to ersde dy tet, 3, dy cbt, iy ty 4,5; tg 


Tur Brown BoveERI REVIEW VOL. 48, No. 11/12 


Signal 
retarder 
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Signal 
blocker 


120106-Ic 


Analogue-to- 
digital 


converter 
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Digital-to- 
analogue 


converter 


TABLE II 


Elements of logic circuits 


e, a=Corresponding inputs and 
outputs of logic circuits 
a= Inverse signal to a 

120106+Id t;=Time for which the 1—0 
change of input e is delayed 
by the signal retarder 

t, = Time for which the 0 signal 
remains at output a when the 
input changes from | to 0 


120107+Ic 


120107*1b 


TABLE III 


120107-Id 


Elements of logic circuits 


E, A= Analogue input and output 
signals 

e,a=Logic input and _ output 
_ signals 


_——— 
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Simplifying this according to the rules of Boolean 
algebra, we obtain 


bt, tg tty ta+ i, i, fi 
=t,+ (1, iy is) 

A further substitution leads to 

b= (i, i) +t, 
This equation states that the first grid control set 
will be blocked either when the desired value is 
negative and J, simultaneously zero, or when J, is 
present. It is free to operate when J, is positive and 


I, has disappeared. Accordingly, for the blocking 
signal for the second grid control set: 


ba = (i, iy) +4, 


These relationships for b, and 4, can be realized by 
means of NOR and OR operators. The equations 
can then be rewritten 

aes (7, 43 i,) = ls 

a= (t,+2,) +4 

The equation for b, states that i, and i, have to be 
applied to a NOR gate; the output of this operator 
should be applied with 7, to an OR gate, at the 
output of which the signal 5, stands. As the equation 
for b, shows, the appropriate relationship applies for 
it. The manner in which these two relationships are 
put into effect is illustrated in Fig. 4. This sketch also 
includes the two signal retarders, whose task is to 
hold up the release of the grid control sets. During 
this time-lag the converter which has just ceased to 
carry current must have time to regain its full 
blocking capacity. The signal retarders delay the 
1-0 change of the signals 5, and d, by the interval ¢, 
which is usually between 6 and 10 ms. 

Fig. 5 shows the signal programme for the change 
from current | to current 2 and back. The possible 
states or combinations of the signals 7,, 7, and 7, are 
denoted therein and in Table IV by the letters a to f. 
The exceptional state in which both currents are 
flowing (g and h in Table IV), which is equivalent 
to the presence of a figure-eight current, causes both 
grid control sets to be blocked, thereby suppressing 
the figure-eight current. 

The oscillogram in Fig. 6 illustrates the process 
of reversing the current in the armature of a motor. 
Reading downwards from the top, the signals 7,, 7,, 


TABLE IV 

Operational 

e ty ig b, by state 
(see Fig. 5) 

0 0 0 0 ] f 

0 0 1 1 0 e 

0 l 0 0 1 a 

0 l ] ] 1 g 

1 0 0 1 0 c 

1 0 1 1 0 d 

1 l 0 0 1 b 

1 1 1 1 l h 


Possible combinations of the three input signals 7,, 7, and t, of 
the logic circuit of the two-converter connection with suppressed 
figure-eight current, and the associated states of the output 
signals b, and 6,. The letters in the right-hand column refer to 
Fig. 5; a-f are operational states, g and h exceptional states. 


i,, b, and }, can be seen. At the bottom the current 
is shown as an analogue signal. The states a—d in 
Fig. 5 are repeated on the oscillogram. A negative 
voltage of the logic signal corresponds to the value 1. 

For d.c. drives it is often extremely important to 
be able to reduce the speed of the motor reliably to 
zero. ‘Typical examples of drives of this kind are 


120095°1 


BROWN BOVERI 


Fig. 4. — Schematic diagram of the logic unit used for suppressing 
the figure-eight current in a two-converter connection 


I,, 1, = Converter currents 

I, = Desired value for current 
i,, ig = Logic signals for converter currents 

i, = Logic signal for desired current 

‘i, = Inverse signal to i, 
b,, bg = Logic blocking signals for grid control 

sets | and 2 
s = Logic current-blocking signal 
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Fig. 5. — Diagrammatic representation of the desired and actual 


values of the current I,, 1, and I,, their logic signals i,, 1,, 1 


s? 
and the grid blocking signals b,, b, in a two-converter connection 


with suppressed figure-eight current 


The hatched areas denote the value | of the logic signals 


belonging to the analogue quantities 


a-f = Operational states 


blooming and cold-strip mills, and coiler drives. The 
problem of control to zero speed may be reduced to 
the problem of controlling to zero current. If care 
is taken to ensure that current cannot flow, the motor 
can no longer rotate. In installations with only one 
direction of rotation, and thus with only one rectifier, 
it is quite an easy matter to control to zero current. 
It is only necessary to reverse the polarity of the 
desired value for the current and the rectifier will be 
completely blocked. The same principle can also be 
employed with two-converter connections. A stop 
signal s, given as a logic signal at the desired moment, 
stops the flow of current in the converter momen- 
tarily carrying current, and thus reliably brings the 
drive to a standstill. 

As an additional safety measure, the grid control 


sets of the two converters are blocked directly. The 


»110 ms 


by 


by 


By b & d 
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Fig. 6. — Oscillogram of the current changeover, from one 
converter to the other in a two-converter connection with sup- 
pressed figure-eight current 


At current zero a short time-lag of a few milliseconds is inserted 
(recovery time) to allow the converter to recover its blocking 
capacity. 

i, = Logic signal for desired current 
i,, 12 = Logic signals for converter currents 
b,, b, = Logic signals blocking grid control 

sets of the converters 1 and 2 
I,, I, = Currents of the converters 


a-d = Operation states (see Fig. 5) 


conditions for blocking, as formulated earlier, now 


have to be extended and become 


b, =(,+%,) +i,+5 


b,= (i,+1,) +7,+5 


The exact stop signal is also included in the logic 
diagram in Fig. 4. It represents the realization of the 
above equations. This absolute blockage of the cur- 
rent is not usually stipulated for systems exclusively 
controlling current. But it is most important for speed 
control systems when the ability to stop definitely is 
stipulated for safety reasons. 
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Fig. 7. — 30-kW reversing drive 
used, for instance, for the screwdown 
gear of a rolling mill; equipped with 
silicon thyratrons type CS 100 in a 
three-phase anti-parallel connection 
with suppressed figure-eight current 


Visible at the top of the right-hand 
half of the cabinet are the silicon 
thyratrons. In the hinged frames of 
the left-hand half (from top to 
bottom): tiers containing the gate 


controls, changeover logic unit, 


current control and speed control. 


Practical Applications for Armature 


and Field Supply 


The foregoing chapters dealt with the functions 
of the current control system used for two-converter 
connections in which the figure-eight current is 
suppressed. The rest of this article will be devoted to 
its application in special cases. Here a distinction 
must be made between armature and field supply. 
In the examples which follow, the current is assumed 


to change continuously. 


Armature Feed 
by Two-Converter Connection with Suppressed 
Figure-Eight Current and Speed Control 


The equipment for this system is illustrated in 
Fig. 7, its circuit diagram in Fig. 8. Cascaded into 
the well-known current loop is a speed loop. The 
positive and negative limits of the output of the speed 


a 


amplifier fix the maximum admissible positive and 


negative armature current. The desired value of the 
current can be influenced direct by signal B from 
the logic element and the current reliably reduced to 
zero, thus stopping the motor. The changeover from 
one converter to the other in the case of armature 
supply is effected as follows: 

Suppose the motor is rotating with a positive 
speed and positive desired value for the current, 
supplied by converter 1. If the desired speed is 
suddenly changed from n*,and made negative, J, 
changes direction. Thus, on the one hand, the actual 
value of the current is reduced to zero at once by 
the control system, while on the other hand the 
logic signal 7, changes in magnitude. This yields one 
of the conditions for switching over to converter 2. 
The second condition is fulfilled as soon as i, becomes 
zero. The first grid control set is blocked, the second 
being released after a time-lag. The control system 
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now operates through converter 2, braking: the motor 
by shifting the grid pulses to the right, then accelerat- 
ing it to the desired negative speed by shifting the pulses 
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Fig. 9. — Conditions for standstill 


The logical signal s assumes the value 1 when the control lever 
is on 0 and the speed of the motor is in a small band close to zero. 


n;* = Motor speed 
(n+) = Logic signal for positive speed 
(n —) = Logic signal for negative speed 
n, = Logic signal for desired speed 
(as given by control lever St) 


Fig. 8. — Speed control when the 

motor armature is fed by anti- 

parallel converters, the figure-eight 
current of which is suppressed 


Tr = Transformer 
M = Motor 
Mr,, Mr, = Converters 
D = Tacho-generator 
S,, S$, = Current transformers 
G,, G, = Grid control sets 
V, =Speed control amplifier 
V,= Current control ampli- 
fier 
T = Stabilizing filters 
L=Logic unit for change- 
over 
n,* = Desired value for speed 
n;* = Actual value of speed 
I, = Desired value of current 
I,, I, = Actual currents of the 
two converters 
AJ= Current deviation 
B=Stop signal 
b,, 6b, =Logic signals blocking 
the grids of converters 
1 and 2 
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to the left. If the machinist only wishes to make a 
slight correction to the speed, by reducing the desired 
value but not reversing its direction, the desired 
value of the current changes its direction again, 
provided the rate of change of desired speed is suffi- 
ciently rapid and the motor load is small. As for 
speed reversal, converter 2 takes over the task of 
carrying the current and brakes the motor by shifting 
the grid pulses until the desired speed is reached. 
Having attained the required speed, J, becomes posi- 
tive again. Afterwards, when the current of the 
second converter has become zero, converter | takes 
over and runs the motor up to the same speed. 

To ensure that the drive stops properly, the motor 
current is blocked as soon as the speed setting is zero 
and the actual speed is within a very narrow band 
in the region of zero. The actual speed of the machine 
is converted into separate positive and negative logic 
signals according to the direction. If the speed is 
sufficiently positive, (n+) = 1; if sufficiently negative 
(n—) =1. In a selected range in the region of zero 
speed, amounting to approximately +1% of the 
rated speed, both show 0. The logic signal of the 
desired speed value drops to 0 as soon as the control 
lever is set on zero. The signal s for blocking the 
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Fig. 10. — Contiflux field control 
with anti-parallel converters and 
Suppressed figure-eight current 


An example of continuous control 


Tr = Transformer 
M = Motor 
Mr,, Mr, = Converters 
S,, S, = Current transformers 
G,, G, = Grid control sets 
V, = Amplifier for speed devi- 
ation An 
V, = Excitation current am- 
plifier 
T = Stabilizing filters 
L=Logic unit for change- 
over 
n,* = Desired speed 
n;* = Actual speed 
An* = Speed deviation 
I,,= Desired excitation cur- 
rent 
I,,, I. = Currents of the two con- 
verters 
AI, = Current deviation 
B= Current-blocking signal 
b,, 6, =Logic signals blocking 
the grids of converters 
1 and 2 
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current therefore has to fulfil the equation 


s=n, . (w+) - (a) 
This equation can be converted into the NOR form, 


in which case it becomes 


s=n,+ (n+) + (n—) 


The realization of this is illustrated in Fig. 9. 


Continuous Field Supply with Two-Converter 
Connection with Suppressed Figure-Eight Current 


The main field of application for continuous field 
supply is Ward-Leonard drives with field control of 
the generator, and for drives employing the Contiflux 
system of control. Continuous field control may be 
defined as that form of control which permits any 
positive or negative field current. The instructions 
for the changeover from one converter to the other 
are given by the control system itself, in that the 
desired value for the current is utilized as a logic 
signal. As soon as this value changes its direction, 
the change to the second converter is initiated; it 
takes over the current, as soon as that of the first 
rectifier has disappeared. The principle of Contiflux 


120100! 


control is illustrated in Fig. 10. The desired value of 
the excitation current in the well-known current 
control loop is equal to the amplified speed deviation 
of the overriding speed control loop. The process of 
switching over the current is the same as for armature 
supply, with the difference that, on account of the 
field strength, it takes longer for the current to drop 
to zero. 

The current-blocking signal s can likewise be used 
to reduce the field current to zero when the condition 


for standstill 


s=n,- (n+) - (n—) 


is fulfilled. This ensures that the field is not kept 
switched on unnecessarily, especially when the drive 
remains at rest for a long time. 

The field supply for reversible Ward-Leonard 
drives is depicted in Fig. 11. The excitation current 
of the generator is not controlled. The two rectifier 
currents only enter the logic element as signals. As 
a third input the desired value of the armature cur- 
rent is used. The principle of operation is exactly the 
same as in the current control system dealt with 


earlier. 
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If the Ward-Leonard drive has to be stopped, the 
criterion considered hitherto is not sufficient. If the 
excitation current of the generator is reduced to 
zero, the motor can nevertheless continue to rotate 
owing to the remanence of the generator. Complete 
standstill can only be attained when the desired 
value of the armature current is made exactly zero, 
which can, for instance, be realized with a contactless 
switching element. 


Discontinuous Field Supply with Two-Converter 
Connection with Suppressed Figure-Eight Current 


For reversing drives with field reversal, the latter 
process is usually discontinuous. In order to attain 
short reversing times for the motor, the direction of 
the field must be changed as rapidly as possible. In 
this application the primary duty of the logic element 
is reversing the direction of the field, which has to be 
changed from a positive to a negative value as soon 


as an external signal, in this case An, demands. The 


Fig. 11.— Ward-Leonard drive with 
field supplied from a two-converter 
connection with suppressed figure- 
. eight current 


An example of continuous control 


Tr = Transformer 
M = Motor 
Mr,, Mr, = Converters 
G =Ward-Leonard 
generator 
D = Tacho-generator 
S'= Armature current trans- 
former 
S,, S, = Current transformers for 
the converter currents 
G,, G, = Grid control sets 
V, =Speed control amplifier 
V, Armature current con- 
trol amplifier 
T = Stabilizing filters 
L=Logic unit for change- 
over 
n,* = Desired speed 
n;* = Actual speed 
I,, I; = Desired and actual ar- 
mature current 
I,,, Ig = Currents of the two con- 
verters 
AI, = Current deviation 
B= Current-blocking signal 
b,, b5 =Logic signals blocking 
the grids of converters 


1 and 2 
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change from the one direction to the other is dis- 
continuous. In order to obtain as short a reversing 
time as possible, the system operates with a large 
voltage reserve, amounting to 4—6 times the rated 
voltage, for super-excitation. The control system in 
this case is illustrated by Fig. 12. 

The desired value of the excitation current always 
has the same polarity and the same magnitude. The 
control system acts on the two converters in the same 
sense. The decision regarding the direction of the 
current is made by the logic unit. The inputs to the 
latter are An*, the deviation of the actual speed of the 
motor from the desired value, and the two converter 
currents. The outputs are once more the blocking 
signals b, and b, for the grid control sets 1 and 2, as 
well as a common inversion signal w applied to both 
sets at once. Supposing that, at the start of field 
reversal, rectifier 1 is carrying current, the changeover 
procedure is roughly as follows: The control lever is 
thrown in the opposite direction. This changes the 
sign of An* and the logic unit immediately gives the 
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instruction for the first grid control set to change to 
inversion. Since converter 2 is still blocked, the in- 
version signal has no effect on its grid control. The 
voltage of converter 1 becomes completely negative, 
thus allowing the current to attain its maximum rate 
of change and the field to be de-energized as rapidly 
as possible, though the control system plays no part 
in the latter action. The decreasing actual current 
which is an input to the control system causes the 
field-control amplifier to be completely open- 
circuited. At its output, and thus at the inputs to the 
two grid control sets, signals appear representing 
100% rectification by the converters. Owing to the 
direct instruction for inversion, the current rapidly 
becomes zero, whereupon the first grid control set 
is blocked and the inversion signal withdrawn. The 
second set is released after the usual time-lag to 
accept the full control signal. The full rectification 
voltage of the second converter now appears at the 
field winding of the motor, the current in which is 
built up to its maximum in a very short time. The 
control system limits the current to the predetermined 
level. The logic unit for this kind of two-converter 


connection with suppressed figure-eight current 


Fig. 12. — Supply of a drive with 

field reversal, using anti-parallel con- 

verters with suppression of the figure- 
eight current 


An example of discontinuous control 
V = Control amplifier for excitation 
current 


I,, = Desired value for excitation 
current 

w= Logic signal giving direct in- 
structions to the grid control 
sets for inversion 


All other notation as in Fig. 11. 
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must therefore have an additional output signal 
giving the direct instruction for inversion; this may 
be denoted by w. Belonging to every An* in steady- 
state operation there is a definite direction of the 
excitation current. Suppose now the same assump- 
tions are made regarding An as were made for i, 
previously. When An=0, 7,=1 and 1,=0 should 
apply, while for An=1, 1,=0 and i7,=1. The in- 
version signal must be 1 when these normal condi- 
tions are not fulfilled, that is to say, when An has 
changed to 1, but the first current 2, is still rising to 1. 
As soon as w assumes a value of 1, the grid pulses will 
be displaced as far as possible to the right, i.e. 
towards inversion. The equation for the logic signal 


is then of the form 
w = Ant, + Ani, 
To transform this expression simply so that it fulfils 


the NOR requirements, we may write 


w =(An+ i,) + (An+i,) 
The two expressions An 7 i, and An + * are already 


known from the logic element described earlier. They 


are now applied to the NOR gate, at the output of 
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Fig. 13. — Schematic diagram of the logic unit for a two-con- 
verter connection with suppression of the figure-eight current 
(discontinuous field supply ) 


I.,, I-92 = Converter currents 
An* = Deviation of motor speed 
i,, 1g = Logic signals for the currents 
An = Logic signal for the deviation An* 
An= Inverse signal to An 
b,, b, = Blocking signals for grid control sets 1 and 2 
w=—Logic signal giving direct instructions to the grid 


control sets for inversion’ 


which the signal w stands. The extended logic unit 
is shown schematically in Fig. 13. The criterion for 
standstill can reduce the excitation current to zero 
directly via the inversion inputs of the grid control 
sets. 

The oscillogram in Fig. 14 shows the logic signals 
and the current and voltage as recorded in practice. 
Reading downwards the following quantities are 
shown as logic signals: The reversal signal An, the 
two currents 7, and 2,, the blocking signal for the 
two grid control sets b, and b,, and the inversion 
signal w, which displaces the control pulses com- 
pletely to the right. When these logic quantities have 
a negative voltage, this corresponds to the value 1. 
The lower half of the oscillogram shows the current 
and voltage. At the same time as the reversal signal 
An is given, the instruction for inversion is given to 
the first grid control set. The voltage immediately 
changes sign and the current decreases to zero at the 


maximum rate. As soon as it has reached zero, the 


U 
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Fig. 14. — Oscillogram of current changeover from one converter 
to the other in anti-parallel connection with suppression of the 
figure-eight current, assuming an inductive load 


When the first current reaches zero, a short recovery time-lag 


is inserted before the second current is allowed to flow. 


An = Logic signal for the motor speed deviation 
1,, 12 = Logic signals for the two converter currents 
b,, b, = Logic signals blocking the converter grids 
w = Logic signal for inversion 
I,, I, = Currents of the two converters 
U = Voltage across the inductance 


first grid control set is blocked; the signal retarder 
controlling the second set starts and releases its 
control set on expiry of the time-lag; the inversion 
signal is cancelled, allowing the second converter to 
produce the full rectification voltage. It causes the 
current to build up to the preset value in the optimum 
time. When the logic signal 1 appears for the second 
current, the process of reversal is finished. 


(KME) S. ZURCHER 
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A PHOTO-ELECTRIC LOOP-MEASURING DEVICE 


Considering an example of loop control as employed in 
continuous hot-rolling mills, the article describes a new 
contactless device for measuring the loop, by means of which 


a loop is represented by an electrical quantity. 


ONTINUOUS hot-rolling mills are normally 
subdivided into a number of groups of stands. 
Whereas the roughing train often works on a multi- 
strand basis, the finishing stands are usually single- 
strand, in order that the final product may be kept 
true to gauge by eliminating tension from the rolling 
process. A sure method of ensuring that no tension is 
exerted on the material between two _ successive 
rolling stands is to allow it to form a loop. The size 
of this loop is normally kept constant by controlling 
the speed of the succeeding rolling stand. 

For a loop to be controlled it is essential to be able 
to measure the size of the loop. Various methods are 
known, which permit the loop to be represented by 
a voltage. A method frequently employed (Fig. 1) is 
based on mechanical sensing with the aid ofa looper, 


Fig. 1. — Principle of loop control 
with mechanical looper 


I= Rolling stand 
II = Succeeding stand after the loop 
1 =Mechanical looper 
2 = Loop measurement 
a=Servo 
b = Discriminator 
3=Controlled motor driving the 
succeeding stand 
d= Controlled rectifier 
e = Controller 
f= Reference-value unit 


g = Tacho-generator (providing 
the actual value) 
M=D.C. motor 
L=Loop in three positions: 


taut, normal, slack BROWN BOVERI 


621.317,.799,082.52:621.771.2 


with a servo a connected to the shaft. Depending on 
the size of the loop, the servo produces a voltage pro- 
portional to the deflection of the looper, fed via a 
discriminator ) as correction into the speed control 
circuit of the succeeding drive [1]. This system has 
proved very successful at rolling speeds up to 20 m/s. 

During the development of the new Brown Boveri 
loop-measuring device, one guiding rule was kept 
constantly in mind: the variable height of a loop 
should be expressed by electrical quantities which 
correspond to the standardized signals of the Brown 
Boveri electronic system. The output should not be 
affected by variation of the temperature. ‘The meas- 
uring device should function without contacts, free 
from inertia, and should possess no moving parts liable 
to wear, or any supplementary elements. The device 
must also be mounted simply and expediently. 

The principle of the control system will now be 
explained with reference to Fig. 2. The infra-red radia- 
tion from the hot material acts as the input quantity 


on a number of photodiodes in the measuring 
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Fig. 2. — Principle of contactless 
loop control 


I= Rolling stand 
II = Succeeding stand after the loop 
1 = Infra-red rays from the glowing 
material 
2 = Loop measurement 


a= Measuring device 
6 = Photodiodes 
c = Condenser lens 
3=Controlled motor driving the 
succeeding stand 
d= Controlled rectifier 
e = Controller 


J = Reference-value unit 
g=Tacho-generator (provid- 
ing actual value) 
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device. But only the culmination point of the loop 
is evaluated. Depending on the angle of inci- 
dence « of the rays, the device emits a proportional 
direct voltage containing no ripple, U=f(«). This 
voltage represents the actual value of the loop and 
influences the speed control of the drive following the 
loop. 

The simplified circuit diagram of the loop-meas- 
uring device is shown in Fig. 3. The infra-red rays 
from the observed loop are focussed by a lens in the 
sensing head and made to strike one of the photo- 
diodes, according to the angle of incidence. The 


effect of the light is to cause a current to flow in the 
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Fig. 3.— Simplified circuit diagram of the loop-measuring device 


1 = Condenser lens 

2 = Photodiodes 

3 = Analogue-to-digital converter 
4 = Differentiating element 

5 =OR gate 


6 = Signal store 

7 = Voltage divider with 
the resistors Ry, R,, R, 

8 = Output 

E,, E,, A,, see Fig. 5 


M=D.C. motor 
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diode, which, as soon as it attains a certain magnitude, 
triggers an analogue-to-digital converter; the output 
potential suddenly changes from the value “0” to 
“1 both of which are standardized values. The 
converter is a trigger unit whose output is either 
0 or | (see Fig. 4), depending on the input value. ‘Thus 
the analogue input signal is converted into a digital 
output signal. Following the converter is a capacitor 
which differentiates the change in the output signal. 
Thus, when the photodiode is illuminated, a control 
pulse is produced. Fig. 4a shows the various stages of 


the signal conversion. 
Analogue signal from the photodiode 


Signal block with steep flanks 


Differentiation of the block to yield pulses. 


The pulses produced when light ceases to strike a 
diode are suppressed, while those produced when 
light strikes a diode are fed through OR gates to all 
digital stores [2]. The digital signal stores perform 
the functions of relays (Fig. 5). A control pulse at the 


0 input (Fig. 5a, b) corresponds to the operation of 


the 0 contact in the relay circuit; and conversely, 
a 1 pulse corresponds to operation of the 1 contact. 
Thus an input pulse causes each digital store to 
assume the state 0 or 1, an analogue voltage being 
tapped off the subsequent voltage divider according 
to the state (Fig. 6). 

The value of the input instruction and the output 
state of the digital stores are related to one another 
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by a binary system, i.e. the code [3]. The correspond- E 01 
ing device contains 16 photodiodes (input elements). 
With the aid of four digital signal stores, each with 
two states, it is possible to obtain a total of 24— 16 
switching combinations. The allocation of photo- 
diodes to the respective state of each of the four signal 
stores is tabulated below: 
Digital signal store 
Photodiode No. IV Ill II I 
input Value 8 + 2 l 
ae A 
a b Cc 
0 0 0 0 0 BROWN BOVERI 117498+/ 
1 0 0 0 1 
Fig. 4.- E. } ] 
: a ; 5 ig xplanation of pulse formation 
3 0 0 1 1 a: Symbols 
bs Ph = Photodiode 
0 I 0 0 T = Analogue-to-digital converter (trigger) 
5 0 1 0 1 D = Differentiating capacitor 
6 0 1 1 0 Upr= Analogue signal at trigger input 
Uy =Signal block at trigger output 
7 0 ( 1 1 Up = Differentiated signal pulse 
8 1 0 0 0 b: Characteristic 
9 I 0 0 I c: Equivalent relay circuit 
10 1 0 1 0 E=Input 
0 A= Output 


To represent an output voltage corresponding, say, 
to the input “6”, the code signal 0 1 1 0 is obtained. 
Adding the relevant values together, we obtain 
0+4-+2-+0=6. By appropriate choice of the resis- 
tors R,— R,, a stepped voltage (Fig. 7) is obtained 


at the output of the loop-measuring device. 

The output voltage of the loop-measuring device is 
only changed when one of the photodiodes receives 
light. If the loop becomes too large, it exceeds the 
field of view of the device and the maximum output 
voltage remains as it was, thus influencing the suc- 
ceeding drive in the correct sense. The output voltage 
also remains as it was when the radiation falls be- 
tween two photodiodes. Likewise, the output is not 
affected when the brightness or quantity of light 


x 1 } ' 
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Fig. 5. — Digital signal store 


a: Symbols 
E, =0 input 
E, =1 input 
A, =1 output 
b: Characteristic: 


Ug, Ur,, U4, = Voltages in function of time 


c: Equivalent relay circuit 
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. 6. — Digital-to-analogue converter 


a: Simplified diagram with contacts 


b: Equivalent circuit diagram 
Us =Supply voltage 
U4 = Output voltage 
0 = Zero line 
R,—-R, = Resistors 


I-IV = Digital signal stores, shown as contact elements 
in equivalent circuit diagram. 


varies, i.e. when the temperature or cross-section of 
the rolling stock is different. 

The device responds to the angle of incidence of 
the light rays, so that the measurable height of the 
loop is dependent on the distance at which it is 
mounted and on the optical system. With a system 
having a field of vision of + 15°, the range of meas- 
surement is + 30cm at a distance of 1m. If the 
field is + 30°, the range will be + 60cm at a 
distance of 1 m. In order to protect the device 
against excessive heat radiation, provision is made 
for the connection of a water cooling system. The 
device is housed in a strong screening casing. Inside 
printed circuits are used, requiring only four leads 
altogether, for the power supply and the output. 
Stray light can only produce a pulse if it has a 
sufficiently high intensity in the infra-red part of the 
spectrum and if it occurs in the band observed. A 
wrong output signal produced by such a pulse would 
indeed cause the loop to deviate from its proper 
position, but only until the light from the loop 
strikes the next photodiode. Then the false output 
signal is cancelled, the loop control restoring the 


original state. 


——<———— 
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Fig. 7. — Characteristic of the loop-measuring device 


a= Angle of incidence of the light 
U4 = Voltage at output of the loop-measuring device 


The loop-measuring device is perpendicular to the 
plane in which the loop moves. If, for example, 
looping tables are provided, the most convenient 
position for the device is below the table. The light 
rays pass through a slit to strike the photodiodes. This 
arrangement can be used for either horizontal or 
vertical looping tables. 

In addition to the output voltage, which is pro- 
portional to any change in the size of the loop, a 
separate signal can be given for any position of the 
rolling stock within the limits of the measuring range. 
For instance, these signals may be used to perform the 
functions of limit switches. If the loop attains the 
maximum displacement, the signal causes a correc- 
tion to be made to the speed of all the subsequent 
rolling stands. 

By means of ‘transfer inputs’ it is possible to set 
output voltages independent of the light rays emitted 
by the glowing material. Transfer inputs are sets of 
contacts connected from outside, which, when 
actuated, apply a control pulse to one of the 16 differ- 
ent inputs, thereby compelling the allocated output 
voltage to be given. In this manner the normal 
output can be set while no material is running 
through the mill. The output value of this loop- 
measuring device can be introduced into the speed 
control of the succeeding stands in such a way that 
the desired loop size can be preselected on the control 
pulpit, or adjusted during rolling. 


y 


NOVEMBER/DECEMBER 1961 


THE Brown Boveri REVIEW 


667 


The loop-measuring device described can be 
extended, without enlarging its dimensions, allowing 
it to be used for determination of the position of any 
glowing material, e.g. detecting the edge of the 
material in broad-strip mills, or determining the 
position of the ingot or slab in automatically con- 
trolled reversing mills. To determine the position 
of material which is not glowing, e.g. cold strip, 
paper, plastics, etc., an auxiliary light source must 
be used. 

Thus with this device, which functions without 


contacts or moving parts and requires no supple- 


mentary elements, industry has an ideal unit avail- 
able for positional control, adapted to the require- 
ments of practical operation. 


(KME) H. GscHEIDMEIER 


Bibliography 


[1] R. Zwicxy: Controlled individual drives for continuous 
rolling mills. Brown Boveri Rev. 1956, Vol. 43, No. 11, 
p. 487-94, 

[2] H. BrAnpte, H. Lisner: Brown Boveri electronic system — 
open-loop control. Brown Boveri Rey. 1960, Vol. 47, No. 
10/11, p. 682-96. 


[3] V. Kusst: Umkehrwalzwerke mit Lochkartensteuerung. 
BBC Nachr. 1961, Vol. 43, No. 3, p. 196-203. 


DIRECT HEATING OF BILLETS BY THE 
PASSAGE OF ELECTRIC CURRENT 


The direct method of heating elongated metal objects, 
particularly steel billets, by the passage of electric current is 
becoming increasingly popular in steelworks. The main 
reasons for this are the high efficiency during the heating 
process and the very short heating time. The present article 
describes the procedure of heating billets prior to rolling and 
the design of installations which serve this purpose; examples 


are given of completed installations. 


HE GROWING interest being shown in resist- 
ance heating of billets prior to rolling may be 
explained by the advantages afforded, both from the 
metallurgical and the operational aspect, which 
were unattainable with conventional furnaces. This 
method of heating is ideal for elongated metal objects 
having a round or rectangular cross-section. With 
it billets 
120 x 120 mm and a minimum length of 1-2 m can 
be heated. The higher the ratio of length to cross- 


with a _ cross-section of 30 30 to 


section, the more economical the operation of the 
installation. An average efficiency of about 80% 
is achieved by those installations completed so far, 
and this figure can be raised to 90%, when the dimen- 
sions of the material are favourable. Such values 
cannot be achieved with the methods of heating 
employed hitherto. 


621.365.3: 669-412 


Steel billets are heated from room temperature to 
the rolling temperature in a remarkably short time. 
The heating times vary according to the length and 
cross-section and at maximum power range from 
30 to 200 s. This explains why the effect on the sur- 
face of the billet is so slight, the absence of scale 
greatly enhancing the quality of the finished product. 
There is no change in the structure of the steel; the 
formation of coarse grains and decarburization at 
the edges is avoided altogether. Despite the speed 
at which the billets are heated, hair-cracks are practi- 
cally unknown, even in high-alloy steel. 

Due to the passage of alternating current axially 
through the material, the heat is generated in the 
actual metal according to Joule’s law. The result is 
that the heat is uniformly distributed over the cross- 
section with a very high efficiency. 

Heater units for electric resistance heating are 
ready for operation at any time and do not require 
any pre-heating. In the event of a stoppage in the 
rolling mill the heater can be shut down until it is 
required again, and does not consume any energy 
during the idle period. As soon as the stoppage is 
ended, the heater is immediately ready again. Owing 
to its very short heating times, it fits ideally into 
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Fig. 1. — Curves of the temperature in the core 8; and at the 
surface , of billets heated by the direct passage of current, 
plotted in terms of the heating time t 


the rhythm of a rolling mill or heat-treatment plant. 
The heater units are small in size and can therefore 
be accommodated with ease in an old plant where 
space is cramped. They are easy to control and do 
not require any special knowledge as they can be 
automatically controlled and thus fit well into auto- 
matic rolling mills. 

At normal industrial tariffs the cost of electric 
heating is no higher than that of other methods. The 
method becomes much more economical though, 
particularly with high-grade steel, owing to the 
reduced amount of scale and the metallurgical 
advantages mentioned above. 

An installation of this kind requires very little 
maintenance. The only parts exposed to greater 
wear than in other installations are the heavy- 
current contacts of the heater units, but these are 
easily replaced and, owing to their simple design, 


can be made up in the factory workshop. 


Principle of Billet Heating 


In resistance heating the alternating current 
supplied from the mains, after suitable transforma- 
tion, is passed through the billet by special contacts. 
Owing to the electrical resistance of the billet, it is 
rapidly heated by the heavy current. As known from 
induction heating, the current flowing axially in the 
material produces an alternating magnetic field, 
which in turn produces a ‘skin effect’ at the surface 
of the material. This distribution of the current over 


the cross-section produces a temperature curve 
characteristic of this method of heating (Fig. 1). At 
the beginning of the heating period the temperature 
at the surface 3, (see Fig. 1) leads the temperature 
in the core 3;, by quite an appreciable amount as 
long as the steel retains its magnetic properties. In 
the region of 600 °C the magnetic permeability 
decreases, assuming the value | at the Curie point.t 
The ‘skin effect’? is now less pronounced and the 
temperature in the core rises more rapidly. At the 
upper end of the temperature range, i.e. above 
about 700 °C, the loss of heat due to radiation be- 
comes so considerable that #; in the core gradually 
catches up #, on the surface, in fact towards the 
end of the heating period it even exceeds it. The 
balance between the two temperatures in the region 
of the Curie point, as well as the temperature differ- 
ence at the end of the heating time are a function of 
the heating time, as the curves a and b in Fig. | 
show. Since the possibility of attaining a temperature 
balance by conduction is very small when the heating 
times are so short, the point of intersection of the 
two curves tends towards higher temperatures with 
decreasing heating time. This form of heating 
(0;> 08.) is unobtainable with any other method and 
yields ideal conditions for the subsequent deformation 
of the metal during rolling. This difference between 
the temperatures at the surface and in the core is 
therefore also utilized for quite small objects, such 
as forgings, although the efficiency is not so high as 
with the relatively long rolling billets. 


Design of the Heating Installation 


The layout of a heating installation of this kind 
is shown schematically in Fig. 2a. The main parts 
are the high-voltage switchgear, a single-phase vari- 
able transformer and the heater unit. The greatest 
difficulty was encountered with the switchgear be- 
cause ordinary circuit-breakers could not be con- 
sidered for 60 to 100 operations per hour. Up to 
powers of 2 MVA good results have been obtained 
with the high-voltage contactor rated 200 A at 10 kV. 
However, for higher powers a special arrangement 


1 The Curie point of a ferro-magnetic material is the 
temperature at which its magnetic properties vanish. 
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Fig. 2. — Block circuit diagrams of a billet-heating installation 
controlled by a contactor (A) or by mercury-arc converters (B) 


1 = Fuses 4 = Heating unit 


2 = Air-break contactor 5 = Mercury-arc converters 


3 = Heating transformer acting as switch 


has been developed, consisting of two grid-controlled 
mercury-arc rectifiers connected in anti-parallel, as 
illustrated in Fig. 2b, where each valve blocks one 
half-cycle of the alternating current. With this 
arrangement not only can heavier loads be handled, 
but also the moment of closing the circuit can be so 
controlled that the inrush surge of the transformer 
exerts a minimum influence on the supply mains. 
Installations with this form of control have proved 
very satisfactory in continuous operation. 

One of the main difficulties in resistance heating is 
transporting the energy at relatively heavy currents 
up to about 40 kA from the secondary terminals of 
the transformer to the actual material. On the one 
hand care must be taken to ensure that the ohmic 
resistance of the leads is small compared with that 
of the material, because this governs the efficiency 
of the installation. On the other hand, owing to the 
heavy current, inductive voltage drops are produced 
in the leads, so that the transformer also has to 
supply reactive power. The stipulation that the 
ohmic and inductive resistances must be low is all 
the more difficult to fulfil, the greater the range of 
adjustment of the heater unit as regards the length 
of the billet. This factor has also to be taken into 
account with automatic heating installations in 


/= 600 mm 


/= 10000 mm 


200 
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Fig. 3. — Mean energy consumption in kWh/t for heating 
steel billets of different lengths | by the direct passage of current, 
plotted in terms of the width of the square billet 


which sections of flexible cable, sometimes of ap- 
preciable length, are required to suit the various 
lengths of billet and tolerances, and it is very difficult 
to keep them low in reactance and resistance. For 
this reason it is necessary to dispense with exaggerated 
facilities for adjustment of the length while the in- 
stallation is being planned. Moreover, undue adjust- 
ment only prolongs the charging time and adversely 
affects the throughput of the heater unit. To attain 
optimum efficiency and maximum throughput with 
reliability it is preferable to aim at keeping the length 
of the billets as nearly constant as possible. In practice 
this requirement can often be fulfilled without 
difficulty, especially in large installations. 

A major influence on the economics of such in- 
stallations is exerted by the arrangement and design 
of the contacts which transfer the heavy current to 
the material. By suitably shaping the contacts and 
choosing the right pressure, as well as by employing 
an appropriate number of contacts, the heat can be 
homogeneously distributed over the end of the billet. 
The Brown Boveri heater units are therefore always 
equipped with side and end contacts. The waste 
heat, which does not contribute to the heating of the 
billet, is dissipated by the coolant. 

The loss resistance of a heating installation of this 
kind comprises the ohmic resistance of the trans- 
former, the leads to the contacts from the secondary 
terminals of the transformer, and part of the contact 
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resistance (i.e. between contacts and billet). Since 
the effective resistance varies with the size of the 
billets, and the above loss resistances are constant for 
a certain size of heater unit, the efficiency and with 
it the power consumption is determined by the 
dimensions of the billet. Fig. 3 shows the consump- 
tion in kWh/t in terms of the width and length of 
the billet as parameters. The consumption varies 
between 240 and 400 kWh/t, corresponding to an 
efficiency of 90-95 % , depending on the cross-section 
and length of the billet. These figures, however, only 
possess limited validity, because the length adjust- 
ment of the heater also exerts a marked influence on 
the consumption. They do show, though, that the 
consumption decreases as the ratio of length to width 
of the billet grows. 

Fig. 4 and 5 illustrate one of the completed in- 
stallations, consisting of 2 heater units, each with a 
rating of 1000 kVA. The cross-section of the billets 
may vary between 40 x 40 and 100 « 100 mm, with 
billet lengths ranging from 0-7 to 3-1 m. Before each 
heater is the sensing device which checks the length 
of every billet before it is introduced into the heater. 
On the right of the heater is the transformer with 
the water-cooled tubular conductors carrying the 
heavy current to the contact heads. The head on the 
right is kept fixed, while the one on the left is adjust- 
able to suit the different billet lengths. Elevated, 
behind the heater, is the control desk. This installa- 
tion has been in service for over two years in a steel- 


works producing rolled sections, served solely by 
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these two heater units. With the exception of a small 
gas-heated furnace for specimen billets there are 
no other heating facilities. Electric resistance 
heating has proved ideal in this works, especially 
on account of its excellent adaptability in service. 
Despite the continually changing production pro- 
gramme, the installation maintains a high efficiency, 
as the Table below shows. This is attained by 
switching the heaters off while the rolling stands 
are being reset, thereby saving energy. 

The layout of a more recent heating installation 
in which the length can be varied between 1-2 and 
2-5 m is shown in Fig. 6. As a result of reducing the 
adjustment it is possible to keep down the resistance 


and reactance, so that the efficiency rises to about 


Details of steels heated from 20 to 1200 °C in the installation 
illustrated in Fig. 4 and 5 (with transformer rating 1000 kVA ) 


4 Energy 
: ; Heating Effi- 
MESES time ae ciency | Quality 
sumption 
mm s kWh/t Yh. 

40 x 40 x 3000 45 258 81 St 37 
60 x 60 x 3000 117-5 248 84 St 37 
60 x 60 x 1500 76 277 76 St 37 
62 x 62 x 2500 48 245 86 high- 
speed 

80 x 80x 2900 | 255 308 68 St 37 
80 x 80 x 1500 197 320 66 St 37 
100 « 100 x 3000 | 582 553 60 St 37 


Fig. 4. — Two installations for 
heating billets by the direct passage 
of current 


Each rated 1000.kKVA 


118096.) 


Billet cross-section 40-100 mm 
square, length 0-7—-3-1 m 
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Fig. 5. — Close-up view of part of 
the billet-heating 
Fig. 4, showing the billet just before 


insiallation in 


it attains the desired temperature 


The picture clearly shows the uni- 
form distribution of the heat through 
the whole length of the billet 


THE Brown Boveri REVIEW 


671 


Se 


118095. | 


Fig. 6. — Side elevation of a billet- 

heating installation employing the 

direct passage of current, suitable 

for billets ranging from 1-2 to 2.5m 
in length 
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90%. The transformer is mounted in the middle, 
below the heater, the current being carried to the 


contacts by flexible water-cooled cables. 


Layout of an 
Automatic Billet-Heating Installation 


Fig. 7 depicts schematically the extent and arrange- 
ment of a complete ‘installation with four heaters for 
a total capacity of about 15 t/h, used for heating 
rectangular billets up to 50 mm square and 2-5 m 
long. 

The main parts of the installation are the input 
table, the common roller table for charging the 


117493+1 


heaters 6a—d and transporting the heated billets on 
to the first rolling stand. The cold billets are loaded 
by fork-truck or crane on to the input table, designed 
as a set of shuffle bars 1, where they are automatically 
separated. From this sorting device the billets drop 
singly on to the bed 2 where their length is measured 
optically or mechanically to check whether it is 
within the tolerances of the contact setting on the 
heater. If this condition is not fulfilled, the transfer 
skid 3 pushes the billet into the reject channel 4, 
whereupon a fresh billet is automatically delivered. 
Otherwise the billet is transported by the skid to a 
point in front of the roller table 5a—d belonging 


to the particular heater for which the billet was 
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Fig. 7. — Layout plan of an automatically controlled billet-heating installation with four heating units 


For notation, see text. 


demanded, and carried by roller table to the heater. years’ experience and exhaustive tests, Brown Boveri 
On completion of the heating process the billet is have successfully solved the problems of switchgear 
pushed hydraulically into the channel of the middle and contacts, and are thus able to fulfil the require- 
roller table 5e, which transports it at once to the ments of the steelworks with their heating units. 
first rolling stand. Below or next to the heaters is the Owing to the high efficiency with which the electri- 
high-voltage switchgear 9 and 10, as well as the city is converted into heat, such installations are 
cabinets 11 containing the automatic control gear most economical. Moreover, metallurgical advan- 
for the entire installation. To one side and slightly tages are gained which were unobtainable with any 
elevated is the control desk 8, from which the operator other method of heating used hitherto. These advan- 
can supervise and control the whole installation. tages have attracted the attention of the experts to 

In conclusion it may be pointed out once again this new method of heating. It is thus well worth 
that electric resistance heating is ideal for elongated considering direct electric resistance heating of 
metal objects, especially steel billets for rolling, with billets when planning a new rolling mill. 


round or rectangular cross-section. Based on many xm_) W. ANNEN 
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Drives producing a very high cut-out torque, for use with 
blooming and slabbing mills, are preferably designed as twin 
drives, whose practical advantages over mills with a pinion 
stand also justify their employment when a lower drive 
torque is required, as for cold-strip mills, for instance. The 
problems that have to be solved in the control system of a 
twin drive are explained and the principle of control 
described. 


Problems and Description of the Circuitry 


N THE LAST TEN years increasing use has been 
made of the twin drive for blooming and slabbing 


mills, as well as for cold-strip mills. The main reason 


BROWN BOVERI 


ROLLING MILLS 
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for the adoption of the twin drive instead of individual 
drives is the need for increasingly high powers. 
Suppose, for instance, the drive of a blooming and 
slabbing mill requires a cut-out torque of about 
400 mt, it would be technically feasible to provide 
this with a single drive, using a pinion stand, provided 
the motor was designed as a double-armature ma- 
chine (Fig. | and 2). From economical and technical 
considerations, single-armature motors can be built 
for a torque up to 300-350 mt. For double-armature 
machines the limit is around 600-700 mt. Practice 


has proved that it is preferable to use twin drives for 


3948,) 


Fig. 1. — One of two double-armature motors for a slabbing mill designed with a twin drive for a cut-out torque of 2 300 mt 


Each motor has an effective output of 4500 kW at a speed of 40-80 rev/min. 
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Fig. 2. — Section through a double-armature motor used for driving a reversing mill 


reversing stands having a cut-out torque of more than 
about 300 mt (see Fig. 3 and the coloured plate on 
the front cover). Thus the limit at which a twin drive 
should be used instead of an individual drive does 
not depend solely on the ability to build a suitable 
machine. The limit is governed far more by mechani- 
cal considerations. If the rolling programme stipu- 
lates reversal with a very high cut-out torque, say 
400 mt, it is quite difficult to design a pinion stand 
which will withstand this severe stress. But this does 
not mean that the twin drive is not suitable when 
smaller powers are required, provided the operating 


conditions warrant its use. 


Apart from the high drive power which makes its 
use necessary, the twin drive also offers the following 


advantages over a drive with a pinion stand: 
The pinion stand can be eliminated 


The power can be split between two motors, which 
can then be smaller and possess a lower flywheel 
effect 


The rolls can be of different diameters 


Ability to roll with forward slip by increasing the 
speed of the bottom roll prior to ingot entry 


The drive spindles can be dimensioned for the 


cut-out torque of the individual motors 


The storage of spare parts is simplified. 


As a result of the above advantages twin drives 
can also be employed for reversing drives requiring 
lower drive powers. 

Generally speaking, the reversing drives of bloom- 
ing and slabbing mills impose severe requirements, 
not only on the mechanical equipment, but also 
on the main and auxiliary electric drives. In the 
twin drive the electrical system also has to cope with 
the problems arising out of the elimination of the 
pinion stand and the associated mechanical linkage 
between the top and bottom roll. The control system 
has to be designed in such a manner that it can per- 
form the duties of the pinion stand on the one hand, 
yet affords an additional improvement compared 
with the rigid mechanical linkage provided by the 
ratio of the pinion stand. Characteristic features of 
reversing drives are the need to maintain reversing 
times as short as possible, the high peak torques at 
low working speed during the first pass, and finally 
the increasing rolling speeds which are being 
employed, in order to raise the output. The require- 
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Fig. 3. — Plan and elevation with section in the X direction of the drive of a rolling mill with a cut-out torque of 2 300 mt 


ments are best fulfilled by the d.c. motor, preferably 
fed from mercury-arc converters (mutators). Opti- 
mum working speeds in both directions and the 
inherent limitation of the armature current demand 
very rapid control of the speed and current of the 
drive. Furthermore, such mills turn out material 
which is subsequently processed in billet, rod and 
wire mills, or in hot or cold-strip mills. Consequently 
blooming and slabbing mills have to be absolutely 
reliable, in order to avoid any interruption in the 
flow of material. This demand for reliability must 
therefore govern the design of the control system. 

The high working speeds of these mills call for 
rapid run-up, in the range of armature control and 
in the field-weakening range. Up to the basic speed 
the excitation of the motor is constant. To overcome 
the magnetic inertia rapidly in the field-weakening 
range, the motors are equipped with a field control 
system with facilities for controlled super-excitation. 
The resultant rapid adjustment of the field ensures 
rapid run-up to the maximum speed with field 
weakening, and electric braking at optimum power 
in the field-weakening range. This is most important 
for the reversal time of the drive and in the event 
of emergency braking. 

In a reversing mill with pinion stand the only 
requirement the motor and control system have to 
fulfil is that of short reversing time; the trans- 
mission of energy to the top and bottom rolls is 
performed in this case by the pinion stand. When 
conditions in the roll gap are ideal, i.e. when the 


rolls are exactly equal in diameter and friction be- 
tween the material and the rolls is the same above 
and below, the distribution of power is certain to be 
equal owing to the rolls being coupled through the 
pinion stand. However, quite small deviations by 
certain factors can lead to undetectable changes in 
the load distribution, which can adversely affect the 
rolling process, and which can only be corrected by 
intervening in the process. Observations have 
demonstrated that, for part of the time, one of the 
rolls does not bear fully on the material, with the 
result that the whole of the energy of the drive 
motor is transmitted to one roll; consequently the 
spindles have to be made correspondingly stronger, 
so as to transmit the full available torque. With the 
twin drive, where each roll is separately driven by 
a single- or double-armature motor of its own, the 
spindles only need to be dimensioned for the maximum 
torque of one motor. 

In the twin drive the motor for each roll is fed 
separately and has its own control system with rapid 
response. Instead of a mechanical linkage between 
the top and bottom rolls as provided by the pinion 
stand, there is a system of balancing the load distribu- 
tion by electrical means. It overrides the separate 
control of the two drive motors and ensures that 
the peripheral speeds and tangential forces of the 
top and bottom rolls are evened out, regardless of 
the difference in their diameters. Fig. 4 shows the 
speed-power characteristic of an electronic system 
controlling the balance. The requirements which 
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Fig. 4. — Characteristic of the electric linkage between the top 
and bottom rolls with a twin drive 


AP = Power difference between top and bottom roll 
Av = Speed difference between the rolls, in % of the momentary 
speed 
1 = Characteristic for rigid speed control, as with pinion stand 
2=Very flexible control of the drives 
3 = Limitation characteristic to prevent the motors running 
apart 
4 = Power limitation of the motors 
5 = Ratio of power and speed balance adapted to practical 
conditions for a blooming and slabbing mill 


this system has to fulfil on a blooming and slabbing 
mill are different from those with a cold-strip mill. 
In the former case the top and bottom rolls are 
flexibly linked mechanically through the hot thick 
material; in the cold-strip mill, on the other hand, 
where the material is relatively thin and less elastic 
owing to its being cold, the linkage between the 
rolls is considerably more rigid. When designing 
the load-balancing system it is therefore essential to 
aim at an optimum match between the characteristic 
and the particular working conditions. It is then 
advantageous if this characteristic can be varied 
within certain limits. 

With the electronic control elements available 
nowadays it would be quite an easy matter to simu- 
late the mechanical pinion stand by a rigid speed 
control of the two drives. The system of balancing 
control, which can then be termed an “electronic 


pinion stand”’, has the advantage over the mechanical 


pinion stand that it can supervise the load distribu- 
tion exactly, regardless of the diameters of the rolls. 
Moreover, the linkage between the individual drives 
can be made flexible, and thereby make allowance 
for the requirements of cold-strip mills with regard 
to good surface finish with minimum wear on the 
rolls. Experience has shown that, in cold-strip mills, 
a deviation of + 2% from the working speed may 
be expected to occur under normal screwdown con- 
ditions. 

Sudden changes in the friction can cause a roll 
to slip suddenly; it is therefore important to prevent 
the motors from running apart at the slightest 
tendency of the rolls to slip. This running apart 
is prevented by the broken-line part of the charac- 
teristic 3 in Fig. 4. The flexible control of the drives 
then automatically reverts to a fixed-speed state as 
soon as one of the rolls exhibits the least tendency 
to slip. It has been proved in practice that the toler- 
ance in the speed difference, within which slipping 
does not occur, is large enough to enable an elec- 
tronic system of balance control to cope with the 
task. In the case of cold-strip mills the main advan- 
tage of the twin drive is that the diameters of the 
top and bottom rolls may differ from one another. 
This not only simplifies the storage of spares, but 
also lowers the cost of dressing. 

For blooming and slabbing mills, where the 
flexible mechanical linkage between the top and 
bottom rolls is provided by the hot material, the 
speed programme of the drive should correspond 
to characteristic 5 in Fig. 4. The mutual dependency 
between the load balance and the difference in 
peripheral speed can be set during the commissioning 
stage to suit the prevailing conditions over quite a 
wide range. Of course the rolls must be prevented 
from running apart due to the top or bottom roll 
sliding. This prevention is performed by the charac- 
teristic 3 of the load-balance control. 

Fig. 5 illustrates the circuitry of a twin drive. In 
this example the armature circuit employs the anti- 
parallel connection, where each motor is fed by its 
own converter. 

The reference value for the rolling speed is provided 
for both motors by a common element on which 
the desired speed is set by the operator at the control 
desk. When controlled automatically, e.g. by 
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Fig. 5. — Circuit diagram of a twin drive 


M,, M, = Motors 
Mr = Mutators (mercury-arc converters) 
Tr = Transformers 
T,, T, = Tacho-generators 
N,, N, = Speeds of rotation 
U,, U2 = Peripheral speeds 
An = Speed deviation 
Av = Peripheral speed deviation 
D,, D, = Diameters of top and bottom rolls 
1 = Setting of desired speed value 
2 = Speed controller 


punched cards, the desired speed is fed into the 
control automatically by a punched-card reader. 
The voltages of the tacho-generators 7, and 7), 
proportional to the respective speeds, are added and 
the mean value obtained (n,-+ n,)/2 is compared 
with the desired speed value 1. The speed controller 2, 
acting via the impedance converter 3, produces the 
reference input for the two motors from the speed 


3 = Impedance converter 
4 = Current controller 
5 =Grid control set 
6 = Current transformer 
7 = Diameter corrector 
8 = Load-balance controller 
9 = Voltage transformer 
10 = Field regulator 
11 = Power stage 
12 = Setting of controlled compounding 


deviation An. This ensures that, by means of the 
closed current-control loops (current controller 4, 
grid control set 5, mutator Mr and current trans- 
former 6), both drives carry the same current. Pro- 
vided all mechanical factors, such as friction, flywheel 
effects, etc., of the top and bottom rolls are equal, 
and that ideal conditions prevail in the roll gap, the 
speeds of the two motors will be equal. Furthermore, 
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the difference (n,—,)/2 between the two tacho- 
generator voltages is formed. If a speed difference 
of Av =v, —v, occurs, the balance controller 8 ex- 
periences Av as input, as a result of which it effects 
a correction in the desired current values of the 
current-control loops. This ensures that the motors 
M, and M, keep to the visualized and permissible 
speed tolerances, even when the conditions are not 
ideal. 

Any differences in the diameters of the rolls can 
be taken into account by suitably setting the poten- 
tiometer 7. If, for instance, the top roll driven by 
M, tends to slip, the armature current of this motor 
is reduced by the quick-acting electronic balance 
control, while that of the motor M, is increased by 
the same amount. When one drive is suddenly 
relieved of load, the other has to take over tempo- 
rarily and transmit the full rolling power. By setting 
a limit to the motor current, a task which only has 
to be done once, it is possible to ensure that the 
drive can never be loaded beyond the maximum 
permissible level. The balance control intervenes 
with a correction in the opposite sense if the bottom 
roll exhibits a tendency to slip. By means of the 
direct check on the speed difference by tacho- 
generators 7, and TJ, and the balance controller 8, 
the drives are prevented from running apart, even 
when one or the other is loaded to the limit of its 
range. 

For blooming and slabbing mills it is often desir- 
able for the bottom roll to run slightly faster for the 
first pass, so as to obtain forward slip, thereby prevent- 
ing the material striking the roller table on emerging 
from the mill. Immediately after the first pass the 
speed of the bottom roll can be lowered again, until 
both rolls are running at the same speed. The speed 
difference is effected by deliberately falsifying the 
speed balance—either temporarily or continuously, 
if desired—by giving the impression that the dia- 
meter of the bottom roll is too small. Of course, for 
forward slip, as well as for the range of tolerances 
in the limits of characteristic 3 (Fig. 4) it is not the 
absolute speed difference between the top and bottom 
rolls which counts, but the percentage difference 
referred to the momentary speed. Thus the balance 
characteristic is appropriately influenced by the 
additional effect of the desired speed value in the 


balance controller 8 (Fig. 5). Hence the armature 
control system with the automatic current balance 
control largely attends to the maintenance of an 
even power distribution between the top and bottom 
rolls. By means of a further control loop the armature 
voltages of the two motors and, ignoring the voltage 
drop, their terminal voltages, have to be controlled 
to the same value. To achieve this the motor voltages 
measured with the aid of the voltage transformers 9 
are compared with the common reference input 
voltage and the motor fields corrected by the 
independent control systems (field controller 10 and 
power stage 12). In the field-weakening range, in 
which the rated voltages of the motors are equal and 
regulated to a constant value, the above condition is 
fulfilled. Thus the speed of the motor driving the 
roll with the smaller diameter is reduced in propor- 
tion to the diameter. With the same armature current 
for top and bottom roll motors the torques are auto- 
matically proportional to the diameter, as stipulated. 

In order to fulfil the requirement of equal voltage 
below the basic speed too, the reference voltage value 
in the range of armature control is varied in propor- 


tion to the rolling speed. By means of an excitation 


n 
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Fig. 6. — External characteristic of the controlled d.c. motor 


n= Speed in rev/min 
J, = Load current in A 
1 = With rigid speed control 
2, 3=Speed curve with variable controlled 
compounding 
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Fig. 7. — Tier from a switchboard containing control gear for a twin drive in a rolling mill 


The withdrawn sub-assembly, an element of the Brown Boveri electronic system, is used to split up the control circuits manually 


and check them one at a time. 


control system acting in parallel with the voltage 
control the excitation current is not only limited to 
a permissible maximum value but, allowing for 
the diameter of the rolls, is used to control the field 
at standstill. 

For multi-stand mills, where the material may be 
in more than one stand at the same time, such as in 
a tandem mill, it is desirable for the load-speed 
characteristic to be variable to suit the particular 
conditions (Fig. 6). This characteristic is set to suit 
the rolling conditions by means of element 12. This 
controlled compounding with the twin drive is 


superposed on the load-balance control which, 


though the motor characteristic may be dependent 
on the load, as described above, ensures that the 
load is evenly distributed in accordance with the 
balance characteristic. 

All the control circuits required for the twin drive 
are composed of elements of the Brown Boveri elec- 
tronic system (see Fig. 7), and they can be divided 
into a number of similar basic elements. The steel- 
works engineer can thus be given a circuit diagram 
which is easy to read, and from which the circuits 


themselves can easily be checked. 
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CONTINUOUS ROLLING MILLS 


The technical problems associated with continuous rolling 
mills, and the resultant requirements which the electrical 
equipment has to fulfil are described at the beginning of this 
article. The unit connection, where each motor is individually 
fed from its own static converter, is the best arrangement for 
such drives, owing to its excellent control properties. The 
article concludes with a reference to the conditions that have 
to be fulfilled by the associated auxiliaries and the behaviour 


of the drives when a brief mains failure occurs. 


N CONTINUOUS mills the material, supplied 
by the blooming mill or coming direct from a 

continuous casting plant, is rolled down to normal 
commercial dimensions in a succession of passes 
through several rolling stands. Whether the final 
product be wire, rod, strip or sections, it always has 
to comply with very strict requirements as regards 
dimensional accuracy. But, at the same time, the 
mill must be able to achieve a high output with 
lowest possible production costs. 

A true-to-gauge final product is obtained by rolling 
free from tension and with a constant roll gap. In 
older installations this condition was fulfilled by open- 
type rolling trains for single-strand operation. Be- 
tween the individual stands, which were usually 
mechanically coupled and driven by a single motor, 
the material formed a large loop. Of course the roll 
gap of the succeeding stands had to be very exactly 
matched, thereby impairing the overall flexibility. 
The maximum rolling speed was limited by the fact 
that the material had to change direction so often 
on its way through the mill. 

The output of the mill depends directly on the 
rolling speed and the overall utilization factor. 
Modern, continuous mills, in which the material 
runs straight through a succession of stands built in 


one line, operate at speeds up to 40 m/s. The distance 


621.771.2 


between separate stands is kept small, not only to 
save space, but also to reduce the distance for which 
the flexible material has to be handled. 

When several strands are rolled simultaneously, 
the overall utilization factor is also improved. The 
expansion of the stands and the sag of the rolls varies 
with the number of strands running through. Thus, 
with multi-strand rolling, it is no longer possible to 
guarantee the constancy of the roll gap; but, as 
mentioned earlier, it is a factor which governs the 
dimensional accuracy of the finished product. 

In order that the entry of a strand into a rolling 
stand may not disturb the speed coordination of the 
various stands, owing to the sudden increase in load, 
the drive motors have to be equipped with a first- 
class speed control system. 

In modern continuous mills the roughing and 
intermediate trains are built for multi-strand opera- 
tion, while the adjoining finishing train is only single- 
strand. Between the stands of the finishing train 
looping devices are arranged to ensure that rolling 
is free from tension under all conditions. In this way 
irregularities in the gauge of the material, caused by 
the displacement of the rolls in the roughing and 
intermediate trains, can be reduced to a permissible 
minimum. Controlling the loops at the high rolling 
speeds also imposes stringent requirements on the 
control gear of the drives for the finishing train. 

In conformity with the wide range of products 
which can be rolled in one mill, facilities must be 
provided to allow the speeds of the individual stands 
to be flexibly adapted to the rolling programme, thus 
enabling the mill to be run economically with each 
programme. This flexibility is attained with separately 


driven stands with independently variable speed 


ranges. Owing to its excellent control properties the 
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d.c. motor is employed almost exclusively for the 
main drives. In view of the immediate response and 
easy control of mercury-arc converters, the unit 
connection of motor and converter is the ideal ar- 
rangement for such drives. 

Rational rolling, i.e. high output, can only be 
achieved when all the equipment associated with a 
rolling mill fulfils the resultant requirements. Since 
the auxiliary drives also have to perform some very 
important duties, close attention has also to be paid 
to the electrical equipment of these drives. Here too 
there is a general tendency for the rotating converter 
to be superseded by the static converter. 


Feeding the Main Drives 


Continuously running drives can be fed either by 
the unit connection, or from busbars, the main 
differences between which are as follows (Fig. 1): In 
the unit connection each motor is fed by its own con- 
verter as an autonomous unit, in contrast to groups 


of motors being fed in parallel from a set of busbars. 


Unit Connection 


This method of connection affords quite a wide 
choice for the speed ranges of the individual motors. 
It is also possible to run up or stop the motors 
separately. For these reasons, but also on account of 
the technical advantages from the control aspect, 


most main drives for continuous mills are nowadays 


() 
CY) 


supplied in unit connection. The principle of the 
control system is illustrated in Fig. 2. It comprises 
three independent control loops, i.e. for speed, voltage, 
and for limitation of the current. The speeds of the 
motors can be set to the desired value by means of 
the reference potentiometers (Fig. 3). These are 
motor-driven and can be operated remotely from the 
control desk, where the setting is also indicated with 
an accuracy of 0-1%. 

The individual reference potentiometers can also 
be jointly varied by follow-up control; in this case, 
when one setting is changed, the settings of all drives 
following it or preceding it, depending on the prin- 
ciple of control employed for the particular train, 
are also varied. In this way the coordination between 
the speeds of successive stands is maintained. 

When the programme is changed, the machinist 
can set the speeds of individual stands exactly to the 
values required for that programme. Owing to the 
high speeds of finishing trains of modern mills, it is 
no longer possible to make subsequent corrections to 
the speed setting in a reasonable time. Since the 
stands of the finishing train automatically adjust 
themselves to rolling without tension, via the loopers 
and the follow-up control of the stands, they are run 
to produce tension at the start. In order to be able 
to cope with the size of the loops at high rolling 
speeds, the speed control of each drive must have 
an extremely rapid response. As mentioned at the 
beginning of the article, the multi-strand roughing 


and intermediate trains also require a high standard 


Fig. 1. — Connections employed for continuously running drives 


a: Unit connection b: Supply from busbars 


| = Transformers 


M = Motors 


2 = Mercury-are converters 
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Fig. 2. — Block diagram of the unit connection 


b a = Basic element 4 = Speed controller R= Braking resistor 
a b = Simplified static characteristic 5 = Grid control set n,, U, = Desired values 
: c = Simplified transfer function 6 = Current controller I, = Limit value 
1 = Starting potentiometer 7 = Voltage regulator Nz, Ip, Uz = Actual values 
2 = Reference potentiometer with remote 8 = Field supply unit An= Speed deviation 
indicator M = Motor I= Field current 
3 = Loop-measuring device T = Tacho-generator P = Power stage 


of speed control, in order to correct the dynamic — speed is corrected by varying the firing point of the 
drop in speed caused by the entry of a strand. This converters and thus varying the motor voltage. The 
avoids any adverse effect on the other strands. ‘The speed is measured with a high-grade tacho-generator 


Fig. 3. — Reference potentiometer for 
desired speed 


BROWN BOVERI 1180601 With remote indication, accuracy of 
setting within +0:1% 
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Fig. 4. — Unit-connected motor, application and removal of the load 


Nm = Motor speed (in rev/min) 


and compared with the desired value. The amplified 
deviation is used to control the converters through 
their grid control sets. Increasing the converter volt- 
age raises the armature current and thus accelerates 
the motor to the required speed. Since the speed 
control loop does not contain any elements involving 
any time-lags worth mentioning, the excellent quality 
of the control, as expressed by its immediate response, 
is evident. 

The oscillogram in Fig. 4 shows the dynamic and 
static behaviour of the motor driving a rolling mill 
during the sudden application and removal of a load. 
The motor is rotating at its basic speed, the load cur- 
rent corresponds to the rated value. The steady-state 
speed drop An,,=0-08%; the response or quality 
of control, as expressed by the product of the above 
speed drop and the settling time, works out to about 
0-04 % s. 

The angular lag of the motor shaft with respect to 
uniform rotation, caused by the temporary speed 


In = Motor current 


drop due to rated load surge, is only 1—2 °. Consider- 
ing, for example, that for four-strand rolling, the entry 
of one strand only amounts to 14 of the rated load, 
and also remembering that on roughing and inter- 
mediate trains, the motor speed is stepped down to 
the rolls through gearing, it will be obvious that the 
temporary difference in length suffered by the strands 
actually running through is only of the order of one 
millimetre. 

The electrical simulation of the loop is superposed 
on the speed control, the loop control system having 
an integral action. The loop is measured by the device 
described in the article beginning on page 663 and 
the speed of the next stand varied so as to maintain 
constant loop height. 

The extension of the speed range beyond the basic 
speed is effected by field weakening, performed by 
the voltage control system. Under the influence of 
the speed control the motor voltage is temporarily 
increased. By field weakening, the voltage control 
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brings the motor voltage up to its rated value, 
thereby raising the speed to the set desired value. In 
order to assure the necessary galvanic separation 
between the main and control circuits, the motor 
voltage is measured through d.c. current trans- 
formers. The motor fields are preferably fed from 
static elements, such as magnetic amplifiers. Under 
extreme conditions, e.g. when the loop grows unduly 
rapidly or when cold material enters the roll gap, 


the demands made on the speed control circuit may 
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Fig. 6. — Motor characteristics 


n= Motor speed 
J = Motor current 
J, = Set limit current 
a= Hard characteristic, with parallel current limitation 
6, e=Soft characteristics, with cascade control; slope of speed 
drop can be set to suit requirements. 
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Fig. 5. — Unit-connected motor with 
parallel limitation of the current 


N» = Motor speed (in rev/min) 


I = Motor current 
120031-1 


be so severe that the current exceeds the permissible 
value for a short time. By means of a control circuit 
parallel to the speed control, the motor current is 
limited to the maximum permissible level, thus 
preventing the switch from tripping. Under such 
conditions, though, reliable rolling is no longer 
assured, as the speeds of the motors are not under 
complete control. The oscillogram in Fig. 5 shows 
the motor current running up to the limit. 

For certain kinds of drives, e.g. for edgers and 
pinch rolls, it is desirable to have a “‘soft’? character- 
istic; this can be attained by cascaded speed and 
current control loops, the “‘soft’? characteristic of the 
motor being optimally adapted to the conditions by 
a special circuit (Fig. 6). 

In contrast to parallel current limitation (Fig. 2), 
in which either the speed or the current control loop 
is in action, with the cascade control the speed loop 
overrides the inherently closed current control loop. 
In this case the amplified speed deviation provides 
the desired value for the current control. Fig. 7 shows 
the block diagram of a speed-current cascade, the 
actual curves of current and speed when a motor of 
this kind of drive is subjected to loading being 
illustrated by the oscillogram in Fig. 9. 

In an emergency the entire train may have to be 
stopped in as short a time as possible. For such emer- 
gency braking operations the desired speed is reduced 
to zero at once. At the same time the motors are 
disconnected from their supply units, switched over 
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Fig. 7. — Block diagram of a cas- 
caded speed-current control system 
1 = Speed controller 
2 = Current controller 
3 = Grid control set 

M = Motor 
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to braking resistors, the voltage control regulating 
the motors to their rated voltage down to the basic 
speed. The braking resistors are dimensioned so that 
emergency braking takes place with 1-5—2 times the 
rated current, i.e. braking is effected by field weak- 
ening with 1-5 to 2 times the rated power. 

Fig. 8 shows a standard type of control cabinet 
housing the Brown Boveri electronic equipment for 
the entire control system of a unit-connected drive. 
Mounted in the hinged frame are the tiers containing 
the plug-in printed-circuit modules, while in the 
bottom of the cabinet are the magnetic amplifiers 
feeding the field. The protective and interlocking 


elements are attached to the rear of the cabinet. 


Busbar Supply 


The use of the busbar system of supply is usually 
only justifiable for motors of low rating. If several 
high-powered motors are fed from busbars, the 
possible short-circuit power becomes undesirably 
high. 

In order to keep the supply voltage for the motors 
constant, despite mains voltage fluctuation, the bus- 
bar voltage has to be regulated. Without this voltage 
regulation the motors would have to be dimensioned 
for higher powers because they must be able to 
produce the full desired power at the minimum anti- 


cipated voltage. Furthermore, at the maximum anti- 
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cipated supply voltage, the motor speed would have 
to be capable of reduction down to the basic value. 
If several static converters are supplying a busbar 


system, it is convenient to form two separate supply 


: 


| 
a 


containing all the control and field supply equipment for a unit- 
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Fig. 8. — Cabinet with hinged frames (left-hand half) 


connected or busbar-fed drive. 
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Fig. 9. — Load oscillogram of a motor controlled by a speed-current cascade 


n, = Motor speed (in rev/min) In = Motor current 


units (Fig. 10). Each unit comprises a transformer is no guarantee that the current would be uniformly 
and one, two or more converters. Even witha control _ distributed, because the distribution is governed by 
section common to both units, i.e. reference voltage _ the impedance of the feeding elements. If a good load 


potentiometer, controller and grid control sets, there distribution is desired under all circumstances, it is 


Fig. 10. — Voltage regulation with 
load balancing of a busbar supply 
system 


1 = Starting potentiometer 
driven by motor M 

2 = Voltage regulator 

3 = Proportional-action 
amplifier 

4 = Grid control set 

5=Current balancing device 

a, b = Feed units 
I,,J, —=Currents of the feed units 
U, = Desired voltage value 


BROWN BOVERI TSDONEHE U, = Actual voltage value 
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necessary to resort to a system to control the load 
balance. Here the currents of the feed units are 
measured, the difference being utilized to correct one 
of the two converters until the balance is restored. 

The speed control of busbar-fed motors is no longer 
effected through the armature but through the field. 
In contrast to the unit connection, where a speed 
deviation produces, via the converter, an increase in 
the voltage at the motor terminals, with field control 
by field weakening the e.m.f. of the motor is lowered. 
On account of the time constant of the field, the 


speed is controlled much more slowly than in the unit 


Fig. 11. — Block diagram of a 
busbar-fed drive 


| = Starting potentiometer driven by 
motor m 

2 = Reference potentiometer with 
remote indicator 

3 = Loop-measuring device 

4 = Speed controller 

5 = Field supply unit 

6 = Voltage limiter 

7 = Current controller 


R= Braking resistor 
M = Main motor 
T = Tacho-generator 
P = Power stage 
n, = Desired speed 
ips. Ur, Try, = Limiting values 
ng, U,, I, = Actual values 
J, = Excitation current 3 
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connection unless of course special precautions are 
taken. When the field is fed direct via thyratrons 
(Fig. 11) or controlled silicon rectifiers, with suitable 
super-excitation, quite good control times are ob- 
tained. For drives whose demands on the response are 
less severe the field can be fed via magnetic amplifiers. 

The necessary range of field weakening for busbar- 
fed drives is normally of the order of | : 3. Provided 
the torque, reduced by field weakening, is still ade- 
quate for rolling, this range can be extended. For 
the same reasons as given above in reference to the 


unit connection, the drives also require a means of 


120036+1 


688 


limiting the current. This applies particularly when 
the speed control is employed with overriding loop 
control. 

Since the motors have a long run-out time, the 
difference between the desired and actual values of 
the speed grows steadily during run-down, thereby 
increasing the field. Thus, unless special measures 
were taken, the motor voltage could rise to three times 
its rated value if the field-weakening range is |: 3. 
By means of the circuit limiting the voltage, in 
parallel with the speed control circuit, the field is 
prevented from increasing when the voltage reaches 
the set limit; this likewise prevents the voltage from 
rising any further. An influence varying with the 
armature current is also introduced into the voltage 
limiting system, to prevent balancing currents flowing 


between the motors. 


Auxiliary Drives 


Apart from the main drives, a number of auxili- 
aries are also engaged in ensuring that the operation 
of the rolling mill is as rational as possible. All 
auxiliary drives which are running with the mill, 
such as the shears, pinch rolls, coilers, and so on, 
have to follow the rolling speed; hence their speeds 
have to be controlled accordingly. Such drives, whose 
ratings may range from about 20 to 60 kW, have 
been fed hitherto from Ward-Leonard sets. But for 
some time now there has been a tendency to employ 
static converters, such as magnetic amplifiers, for 
feeding the armature; nowadays Brown Boveri are 
also building semiconductor thyratron units for the 
same task. Thus static converters can now be used 
to feed Garett coilers, which have to be accelerated 
and braked in operation. 

Particularly severe are the conditions laid down 
for the flying shears, which have to be accelerated in 
an extremely short space of time and then braked. 
Mutators and silicon thyratrons are therefore ideal 
for feeding such drives. 

Another important auxiliary is the cooling bed 
[1], the task of which is to cut down the rolled mate- 
rial to equal lengths, to brake it and transport it 
slowly across the bed. The speed of this transverse 
motion is made such that the rods have cooled down 


sufficiently on reaching the run-out table and are 
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thus ready for subsequent treatment, such as cutting 
down to commercial lengths, twisting and bundling. 
The main stipulations made regarding the cooling 
bed and its control system are: the entire operation 
of the cooling bed must be performed automatically, 
maintaining the length and position of the rods 
accurately, regardless of the rolling speed. 

Using the building blocks of the Brown Boveri 
electronic system, cooling-bed control system have 
been devised which allow the above requirements 
to be fulfilled with remarkable accuracy. Until now 
it was only possible to measure the length of a rod 
when it lay, cut, on the cooling bed. The automatic 
means of measuring the length allows the exact 
length of the rod to be determined on the control 
pulpit, regardless of the forward slip. 

The control of the cooling bed and several other 
auxiliary drives is effected as a function of the position 
of the material on its way through the rolling mill. The 
position of the rod is determined with respect to time 
by a photo-cell (Fig. 12) forming part of a control 
system which has rendered excellent service in a 


number of rolling mills [2]. 


Effect of Brief Mains Failures on Drives 


In the event of a brief failure or temporary drop 
in mains voltage, the contactors might drop out, 


causing the motor to stop. Rolling might therefore 
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Fig. 12. — Photo-electric detector responding to infra-red 
radiation, for use in steelworks and rolling mills 
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experience a long interruption, especially when the 
material is passing through several stands at the same 
time. This leads to a tedious process of cleaning out 
the entire train. 

When the control contactors, motor fields and the 
complete control system are fed from a rotating con- 
verter with a flywheel, which supplies the energy for 
the auxiliaries during a mains interruption, it is 
possible to bridge over such brief voltage drops. The 
speed of the rolling-stand motors drops in accordance 
with their momentary load and their time constant 
when the mains voltage fails. In the event of failure 
of the supply voltage—lasting about 300 ms, corre- 
sponding roughly to the time taken for rapid auto- 
reclosure—the motor speed, and with it the e.m.f,, 
assuming constant field, drops by 5 to 30% at rated 
load, depending on the state of field weakening. 
Since the mercury-arc converters would immediately 
produce full output when the mains voltage returned, 
it is necessary to lower the desired value for the speed 
in the event of mains failure, and the desired voltage 
for busbar-fed drives. The rate at which it is reduced 
should be at least as high as the maximum drop in 
speed. When the mains voltage is restored the desired 
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values for speed and voltage must be steadily raised 
back to their ultimate value, so that the motors run 
up under control without any overcurrent. This vari- 
ation of the reference values is performed by an elec- 
tronically controlled unit. Its asymmetrically func- 
tioning control section lowers the desired voltage 
quickly when the mains fails, and raises it slowly 
when the mains voltage is restored. 

It is obvious that proper rolling will not be possible 
during the short time that the supply voltage is 
missing, because the motors are no longer electrically 
controlled. By supplying all vital elements of the 
installation from a converter set equipped with a 
flywheel, however, it is possible to prevent a stoppage 


of the entire rolling mill. 


(KME) H. R. Bri 


H. P. Vetrscu 
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COLD-STRIP MILLS 


Following a brief summary of the most important kinds 
of cold-strip rolling mills and the products they turn out, 
the article describes the requirements that the electrical 
equipment has to fulfil. For driving the rolling mill and the 
coilers it is common practice to use d.c. motors fed either 
from Ward-Leonard converters or from mercury-arc con- 
verters in either the single or two-converter connection. The 
strict conditions laid down regarding the quality and di- 
mensional accuracy of the final products pose some interesting 
problems for the control system of the roll and coiler motors, 
some details of which are given, with reference to the various 
feed methods. It is constructed on the building-block principle 


from elements of the Brown Boveri electronic system. 


Feed and Control of the Drive Machines 


HE stipulations made regarding the quality of the 
material produced by cold-strip mills are being 
constantly increased, in order to promote the rational- 
ization of the consuming industries and improve 
their capacity. These quality requirements, which 
concern primarily the mechanical and technological 
properties, the surface finish and the maintenance 
of minimum thickness tolerances, demand an equally 
careful treatment of the problems associated with the 
electric drives and their control, as will be described 
later. 

Cold-strip mills are usually employed for the pro- 
duction of plates, sheets or strips, sometimes with 
intermediate heat treatment, from steel, non-ferrous 
and light metals, and even gold and silver. Aluminium 
foil can be rolled to a minimum thickness of about 
3. The Table below lists approximate figures for the 
main products rolled in cold-strip mills. 

The strip speeds vary between the following limits, 
depending on the material being rolled and its thick- 
ness : 


621.771.274 


appr. 30-1800 m/min 
appr. 300-1200 m/min 


Reducing 
Skin-pass rolling 


The range of motor outputs required for driving the 
rolling stands, the coilers and the tension rolls is very 
wide: 

Rolling stand appr. 100-4000 kW 
5—2000 kW 


50— 300 kW 


Coilers appr. 


Tension rolls appr. 


The commonest types of stands are the two-high 
stand, the four-high stand with work rolls 120 to 
600 mm in diameter and back-up rolls 250 to 
1600 mm in diameter, as well as the Sendzimir mill 
whose work rolls range from 30 to 100 mm in dia- 
meter. The drive may be either through a pinion 
stand, or a twin drive with the top and bottom rolls 
driven separately. The latter is usually only con- 
sidered for very high-powered drives, for purely 
economic reasons. 

The design of cold-strip mills is subject to consider- 
able variation. The simplest form of mill, now seldom 
used for sheet metal, does not possess any coilers but 
merely a roller table on either side of the rolling 
stand. For one-way mills with only an up-coiler the 
coil of strip delivered from the hot mill is wound off 
a pay-off reel, through a straightening machine to 
the rolling mill, and so to the up-coiler. Most fre- 
quently the mill has two coilers, and may also be 
equipped with a pay-off reel and delivery reel. For 
skin-pass and tempering mills there are also two sets 
of tension rolls which take up some of the tension 
necessary to obtain the high surface quality of the 
strip. This prevents the material from being damaged, 
and relieves the coilers at the same time. Tempering 
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Usual Initial Final Maximum Maximum 

Material strip widths thicknesses thicknesses coil weight strip tension 
in mm in mm in mm int int 
Steel 200-2000 1.54 0-1-1 30 45 
Non-ferrous metals 40-1200 0-8-8 0:07-6 6 15 
Light metals 250-2200 0.6-8 0-1-5 4 18 
Foils 500-1600 0.02-0.7 0-003-0.05 3 1,5 


mills only run in one direction. Finally, continuous 
strip mills are also used, consisting of three to five 
stands, usually four-high, with coilers and sometimes 
a pair of tension rolls beween the last rolling stand 
and the up-coiler. In such tandem mills the strip is 
rolled in one direction, attaining its finished condi- 
tion after the last stand. 

Since the dimensional accuracy of the rolled ma- 
terial is very important for its subsequent treatment 
and has a considerable influence on the wear of the 
machines used, the stipulations regarding this factor 
are being steadily increased in severity. Not all 
disturbances can be effectively counteracted by suit- 
able adjustements, so that in many cases automatic 
gauge control has to be provided, in order to attain 
the desired result. The simplest method of control is 
to measure the thickness after the rolling stand, e.g. 
by a contactless X-ray gauge. The values thus 
obtained are compared with a setting and the devia- 
tion utilized to obtain the appropriate correction, 
either by adjustment of the screwdown, the tension 
or the rolling speed. Good results can be obtained by 
this means. However, if the stipulations are still 
stricter, and the time-lag due to the distance of the 
measuring device from the rolling stand has to be 
taken into account, the thickness of the material has 
to be measured in the roll gap. Since, to a reasonable 
approximation, it may be assumed that the thickness 
of the material is equal to the roll gap, the latter can 
be measured and so provide the momentary value 
which has to be compared with the desired value. 
The roll gap is calculated with the aid of the screw- 
down in the unloaded state and two pressure gauges 
to determine the elongation, using the relationship 


h=S,+F/M 


where =roll gap or thickness of the strip 
S, = screwdown in the unloaded state 
F = rolling force 


M = modulus of the rolling stand 


With the deviation in thickness so obtained, the 
control of the thickness can be effected through the 
tension in the strip and the screwdown. By this means 
the gauge can be maintained most accurately and 
it is possible to reach the limit imposed by the 
eccentricity of the rolls. Thus, for instance, 0-6 mm 
strip can be rolled to an accuracy of + 7 wu. 


Requirements to be Fulfilled by the 
Electrical Equipment 


The requirements which the electric drives and 
their control gear have to fulfil are similar for all the 
different types of mills mentioned above. ‘The descrip- 
tion that follows may therefore be confined to the 
type of mill most common in Europe, namely the 
single-stand mill (see Fig. 1). The coil of material 
delivered from the hot-strip mill is fed into the stand 
from the down-coiler, or from a pay-off reel, passing 
through the straightener. The strip is introduced 
into the rolling stand at low speed, following which 
the mill and coilers are run up to full speed and 
finally braked electrically at the end of the pass. In 
reversing mills the strip is wound on to a second 
coiler during the second pass, the material being 
reduced to the required thickness by a number of 


passes in alternate directions. 
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For driving the rolling stand and the coilers it is 
standard practice almost everywhere to use d.c. 
motors, because they are the only machines which 
fulfil the strict requirements with regard to control. 

The acceleration and braking times, especially 
when a high-grade system of gauge control is not 
provided, have to be kept as short as possible because 
the material rolled during these periods is not true- 
to-gauge. 

The following conditions have generally to be 
fulfilled by the drive of the rolling mill, as it governs 


the working speed: 


dnin 


dmax 
—_————_——__ > qd 
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Fig. 2. — Curves showing the main electrical and mechanical 
quantities when rolling with coilers 


P= Power ® = Flux My= Tension torque 
I= Current n= Motor speed d= Coil diameter 
U;=E.M.F. F= Tension v= Strip speed 


Fig. 1. — Basic layout of the single- 
stand cold-strip mill with down- 
coiler and up-coiler 

1 = Work rolls 

2 = Back-up rolls 
3 = Deflector rolls 
4 = Down-coiler 

5 = Up-coiler 

6 = Pay-off coil 


7 = Straightener 
120050"! 


Running up according to a preset speed pro- 
gramme. Keeping the set motor speed constant 
during all disturbances, e.g. load or mains vol- 


tage fluctuation. 


Short acceleration and braking times. The fly- 


wheel effect of the roll motor has therefore to be 


kept as small as possible by appropriate design of 


the machine. 


For the coiler drive it is even more necessary to pay 
attention to the flywheel effect, as will be evident 
from the fact that it is the up-coiler which deter- 
mines how short the acceleration time is. For this 
reason double-armature motors are often employed. 

In order that the desired strip thickness may be 


maintained and the strip wound up uniformly, the 


2 re ree ee reer to ~ 


tension produced by the up-coiler and down-coiler 
must be kept constant, not only during the coiling 
process at constant speed, but also during the acceler- 
ation and braking periods. 

The product of the tension and the rolling speed, 
and the power required for acceleration and braking, 
determine the dimensions of the coiler drive. The 
coiler motor is regulated to an e.m.f. proportional to 
the rolling speed; its current comprises a component 
proportional to the tension, reduced or increased 
during the relevant period by the amount needed for 
acceleration or braking. The constant tension pro- 
duces a torque at the coilers, which varies with the 
diameter of the coil. At constant strip speed the coiler 
speed is inversely proportional to the diameter of the 


coil, Since the tension and thus the coiler motor 
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voltage, as product of flux and speed, has to be con- 
stant the motor flux varies in proportion to the dia- 
meter of the coil. Fig. 2 shows the curves of the above 


mechanical quantities for constant working speed. 


Feeding the Drive Machines 


To feed the d.c. motors either Ward-Leonard sets 
or mercury-arc converters may be used. The latter 
are generally given preference on account of their 
high efficiency, and the ease with which they are 
installed and maintained, but for smaller powers 
the Ward-Leonard set may be quite sufficient. The 
supply may be from busbars or on the unit principle. 
In the latter case, where every drive has its own feed 
unit, the strict stipulations laid down for the drive 
can best be fulfilled, and consequently this system is 
most widely employed nowadays. When the supply 
is from busbars the motors are fed in parallel from 
a common generator or static converter set. This 
system is now seldom used and, since it does not offer 
any marked reduction in the outlay, will not be 
discussed further in the present article. 

In the main circuit of the motors driving the rolling 
mill and the coilers it must be possible to reverse the 
current for a very short time because the torque 


produced by the drive machine in the periods of 


Fig. 3. — Reversible motors fed from 
Ward-Leonard set or mercury-arc 
converters 


a: With Ward-Leonard set 
b: Single-converter connection 


c: Cross connection 


LD) 


d: Antiparallel connection 


M=D.C. motor 
G=Ward-Leonard generator 


MR = Mercury-are converter oF oe 
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acceleration, constant speed and braking may change 
its polarity. Moreover, in reversing mills the direction 
of rotation must also be reversible. Fig. 3 shows the 
most commonly used circuit arrangements. The 
power planes indicated provide information regard- 
ing the possible directions of the current, voltage and 
power. 
When 


either the single or two-converter connection may 


mercury-arc converters are employed, 
be adopted. In the former case, as may be seen in 
Fig. 3b, it is impossible to reverse the current. 
Consequently reversal of the torque is effected by 
reversing the field. A single-converter connection 
with steady field reversal is employed in the ‘“‘Conti- 
flux”? process [1]. It combines the advantages of 
contactless reversal by a steady change in the field 
with the minimum converter outlay. Since variation 
of the torque and speed present no difficulty, the 
Contiflux system can also be employed for reversing 
mills. 

The cross connection (Fig. 3c) and the anti- 
parallel connection (Fig. 3d) are two-converter 
arrangements permitting the current to flow in 
either direction. In this way the same behaviour is 
obtained as with the Ward-Leonard system, plus the 
advantage common to all static converter connections, 


i.e. the more rapid response resulting from the 
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Fig. 4. — Variable-speed rolling mill drive with 
current limitation and extension of speed range by 
jfield-weakening 


G = Ward-Leonard generator 
M = Rolling mill motor 
T1 = Tacho-generator measuring speed of M 
Tiv =Tacho-generator measuring acceleration of 
strip du/dt 
m= Servomotor adjusting speed setting 


1 =Speed controller 


ae 
BROWN BOVERI 
2 — Armature current controller 


3 = Power stage for armature current 
control 

4 = Voltage controller 

5 = Excitation current controller 

6 = Power stage for field control 

n, = Desired speed 


inertialess control of the mutators. The cross connec- 
tion can be employed with single or multi-anode 
converters. The anti-parallel connection, however, 
utilizes the single-anode tanks described in earlier 
articles in this number (see page 623) and can 
manage with a simpler transformer. For low powers 
this arrangement can be operated three-phase, the 
somewhat higher harmonic content being usually 
admissible. 

The two-converter connections may also be asym- 
metrical if only the torque has to be reversed for a 
short time, and if its value is small compared with 
the value in the working direction. This applies to 
the coiler drives and to the drives of non-reversing 
rolling mills. When the number of mutators is differ- 
ent for the two directions, an economical arrange- 
ment is obtained with a reduced number of tanks. 

Asymmetrical two-converter connections may also 
be used to feed reversing rolling stands, because 
between two passes in alternate directions the polar- 
ity of the motor field can be reversed. By this means 


the work of rolling is always performed by the same 


n, = Actual speed 

I, = Desired armature current 
I, = Actual armature current (ar dope} 
U, = Desired armature voltage 
U, = Actual armature voltage 
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I,, = Desired excitation current 
I,. = Actual excitation current 
a= Basic component 


a |}—| b=Simplified static characteristic 


© | c=Simplified transfer function 


set of mutators. The brief torque reversal for braking 
is carried out by the smaller set, as with the one- 


way mill. 


Control 


Whether fed from static converters or Ward- 
Leonard sets, the control systems for the rolling mill 
and coiler drives are composed of building blocks 


of the Brown Boveri electronic system [2, 3, 4, 5]. 


Control of the Rolling Mull Drive 


The drive of the rolling mill is equipped with speed 
control with current limitation, permitting it to run 
up to the desired speed with a preset rate of accelera- 
tion. The set speed, which determines the speed of 
the strip, must be maintained constant, regardless 
of external disturbances, such as fluctuation of the 
load. Otherwise the tension might vary in the strip, 
since the coiler and rolling stand are interlinked 
through the strip. 
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Fig. 4 shows the basic arrangement of the control 
system for a reversing mill with a Ward-Leonard set. 
By means of a motor-driven reference potentiometer 
the speed setting n, is applied to the control system 
and compared with the actual value n, provided by 
the tacho-generator 7. Depending on the particular 
requirements, the run-up time can be selected be- 
tween 5 and 30s. A system of follow-up control allows 
the desired working speed to be pre-selected. When 
the strip is fed in, the drive can either be run at a 
very low speed or inched. 

To prevent the drive from being overloaded, e.g. 
by trying to effect too great a reduction in one pass, 
the speed control loop is cascaded with a current 
control loop. For this inner loop a transistorized 
amplifier prescribes a reference value J,,, obtained 
from the speed control loop. The system functions 
in such a way that, for instance, if the speed drops 
due to an increase in the load, the resultant speed 
difference An increases the desired value of the 
current /,,, thus restoring the speed of the drive to 
its proper value. By means of the adjustable lim- 
itation of the reference value /,,, the current is 
reliably limited without any overswing. Acting 
through another transistorized amplifier, the control 
loop drives the power stage which produces the 
excitation current for the field of the generator. With 
the aid of an appropriate means of super-excitation 
the magnetic inertia of the field is overcome and 
rapid response assured. 

Depending on the particular economic and tech- 
nical conditions, the correcting units may be based 
on magnetic amplifiers or equipped with mercury- 
vapour thyratrons or controlled semiconductor 
rectifiers [6]. The Brown Boveri electronic system 
contains standardized and operationally tested ranges 
of such correcting units, adapted to the standardized 
signal voltages of the control units of the system. 

To begin with, the speed is increased at full field 
by varying the motor voltage. On attaining its rated 
value, the armature voltage stays constant, while the 
motor speed continues increasing, because the field 
control acts on the excitation in the manner of field 


weakening, as may be seen in Fig. 4. The speed range 
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of the motor can thus be extended. The field control 
compels the field to retain its full value as long as the 
actual voltage value is smaller than the desired 
value, i.e. below the base speed. ‘To obtain a quick 
stop in an emergency, optimum use is made of the 
braking power of the motor, the field being super- 
excited with the large voltage reserve. The field 
regulating circuit is equipped with a means of limiting 
the current, thus preventing the field coils from being 
overloaded when the motor speed is less than the 
base speed. 

The effect of the above control system is that 
constant torque is available for the rolling mill drive 
up to the full motor voltage, and constant power at 
higher speeds. 

In the event of a stoppage in the rolling mill, 
especially if the strip breaks, the drive has to be 
stopped quickly. Extremely short braking times are 
achieved with the above control system because it 
allows full advantage to be taken of the maximum 
braking power and torque of the motor with a mini- 
mum of delay. By suitably graduating the braking 
times of the down-coiler, the rolling mill and the up- 
coiler, the material can be prevented from looping 
during the braking process and being fed double 
into the roll gap, thereby causing damage to the 
rolls. 

When the symmetrical or asymmetrical cross or 
anti-parallel connections are employed for feeding 
the rolling mill drives via static converters, the speed 
and current control loops are similar to those used 
with the Ward-Leonard set. Instead of the power 
stage 3 (Fig. 4) there is a grid control set per group 
of mutator tanks, which controls the converter 
concerned in accordance with the required speed 
and current programme. A logic circuit attends to 
the suppression of the ‘“‘figure-eight” current, if 
necessary. The field control of the motor is effected 
in the same way as for the Ward-Leonard set. Thus 
the entire control system for a mutator-fed drive is 
the same as in Fig. 4. 

The oscillogram in Fig. 5 shows the characteristic 
quantities—speed, armature voltage, armature cur- 


rent and excitation current—of a rolling mill drive. 
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Fig. 5. — Oscillogram of the 


n= 34/min 


Clearly visible is the speed rise due to field weakening 
and the change in the armature current during the 
acceleration and braking periods. 

In multi-stand trains, as with single-stand mills, 
the rolling mill drive is equipped fundamentally with 
speed control, but has an additional controlled and 
adjustable current influence. The individual stands 
can thus be set to a flat or drooping speed characteris- 
tic, depending on desired rigidity of the coupling 
between the separate stands. 

The remarks that follow deal in rather more detail 
with the supply for rolling mill drives from mutators in 
the single-converter connection with field reversal, 
known as the Contiflux system [1]. Fig. 6 shows the 
basic arrangement of the main circuit and the control 
system. The economical single-converter connection 
only allows the current to flow in one direction, so 
that the torque and the speed have to be changed by 
reversing the polarity of the motor field. The charac- 
teristic physical behaviour of the Contiflux system 
is depicted in Fig. 7, showing the static characteristics 
for the armature current and flux of the motor. 

As may be gathered from Fig. 6, the Contiflux 


system contains an overriding speed control loop 


characteristic electric quantities of a 
rolling-mill drive 


nm = 17/min 


n= Motor speed (rev/min) 
U, = Armature voltage 

I, = Armature current 

I, = Excitation current 

A= Field-weakening range 
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which, via the arithmetic unit 1, simultaneously 
prescribes a definite value for the armature current 
and the flux. In this case the speed difference An 
between the desired and actual values is used as the 
input variable. The torque M, as product of the flux 
and armature current, is then determined by the 
variable An, as indicated in Fig. 7. The excitation 
current is steadily varied from positive to negative 
by the arithmetic unit, while the given armature 
current always remains positive, so that the charac- 
teristic is V-shaped. The motor torque can thus also 
be steadily varied in both directions. Since it is only 
dependent on the speed difference An, the torque 
required by the driven machine is produced at every 
positive or negative speed within the limits of the 
drive. The drive is properly controlled at all times 
and carries out the required speed programme 
without any abrupt change in the torque. Dis- 
continuity in the torque would be transferred to the 
material and might lead to looping or the creation 
of additional tension in the strip. 

The reference values determined for the flux and 
armature current by the arithmetic unit are applied 
to two subordinate control loops for motor field and 
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Fig. 6. — Speed-controlled rolling mill drive 
(Contiflux system ) 


MR = Mercury-arc rectifier 
M = Motor driving rolling mill 
T 1 = Tacho-generator 
of M 
Tiv = Tacho-generator measuring acceler- 
ation of strip du/dét 


measuring speed 


m=Servomotor adjusting speed setting 
1 = Contiflux arithmetic unit 


2 = Armature current controller SrauniaeT Eni 


3 = Grid control set controlling armature 
current 
4 = Controller for armature voltage and 
excitation current 
5, 6=Grid control sets for field control 
7 = Converter in push-pull feeding the 
field 


armature circuit, in which the controlled values are 
immediately corrected without any overswing. To 
overcome the magnetic inertia of the field, super- 
excitation through quick-acting correcting elements, 
such as silicon thyratrons, is employed. It is a simple 
matter to set the saturation value of the V-shaped 
characteristic of the armature current reference value 
on the arithmetic unit. This ensures that the drive 
is not overloaded by having to carry too heavy a 
current when the pass reduction is too great. The 
motor is protected against overheating by a limiting 
device. 

As indicated in Fig. 6, the field control loop is 
connected and matched in such a way that, on 
attaining the full armature voltage, the field current 
control is relieved by a voltage control loop. Thus, 
as with the Ward-Leonard set, the speed range can 
be extended, while the armature voltage is limited 
to its permissible value at the same time. 

The arithmetic unit, the control units and the 
correcting elements used for the Contiflux system 
are all composed of building blocks from the Brown 
Boveri electronic system. 


n, = Desired speed 
n, = Actual speed 


Ig, = Actual armature current 
U, = Desired armature voltage 
U, = Actual armature voltage 
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I,, = Desired excitation current 
I,, = Actual excitation current 


I,, = Desired armature current 


a= Basic component 
b =Simplified static characteristic 


c= Simplified transfer function 


Control of the Coiler Drives 


The most important condition to be fulfilled by 
the coiler drives is the exact maintenance of the 


set tension, regardless of the speed, acceleration, 
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Fig. 7. — Control characteristics of the Contiflux system 


An= Difference between actual and desired speed 
@, = Flux in machine 

I,, = Armature current 
M, = Torque 

U,= Motor voltage 
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Fig. 8. — Up-coiler drive with controlled tension and speed 


Fed in asymmetric anti-parallel connection with suppression of figure-eight current 


MR = Mercury-arc rectifier 
M = Motor driving coiler 
T1 = Tacho-generator measuring speed of motor driv- 
ing rolling mill 
Tir = Tacho-generator measuring speed of strip 
Ti11 = Tacho-generator measuring speed of coiler motor 
Tiv = Tacho-generator measuring acceleration of strip 
do/dt 
1 = Speed controller 
2 = Armature current controller 
3, 4= Grid control sets for controlling armature current 


5 = Logic circuit for suppression of figure-eight 
current 


6 = Controller for motor e.m.f. and excitation current 
7 = Power stage for field control 
8 = Arithmetic unit for corrected tension 


9=Arithmetic unit for acceleration component and 
desired value of excitation current as a function 
of the coil diameter 


n,, Ny = Speed, desired and actual values 


Z,, = Desired armature current 


1a max = Desired value of maximum admissible 
armature Current 
Tgo15 [a2 = Actual armature current of first and second 
converter 
F= Set tension 
F’ = Corrected tension 
c, = Constant losses 
Cy * Ny = Losses varying with speed 
J - dw/dt = Acceleration component 
dv/dé = Acceleration of strip 
U;,=Setting of motor e.m.f. proportional to 
strip speed 
Uj = Nominal value of desired motor e.m.f. 
len Ra] 


= Ohmic armature voltage drops which 
Tors - Ra 


determine the actual value of the motor 
e.m.f. 
T,,, I29=Excitation current, desired and actual 
values 
, \4= Basic component 
a b =Simplified static characteristic 
c = Simplified transfer function 
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retardation and diameter of the coil. In principle, it is 
possible to measure the tension direct with mechani- 
cal means and to apply it to the control system. The 
difficulty, particularly with small tensions, of obtain- 
ing accurate, reliable measurements by mechanical 
methods, and the fluctuation in the tension caused by 
the rolls being worn out-of-true, have resulted in the 
tension control being performed indirectly with the 
aid of electrical quantities. Apart from regulating to 
constant tension, which must also be maintained for 
a short time when the drive is at a standstill, speed 
control must also be provided for the introduction of 
the strip at the beginning of a coil, and for ending 
the rolling process after the last pass. 

The output power of the coiler is given by the 
product of the working speed and the strip tension. 
Since the power is given by the product of the motor 
e.m.f. and the armature current, for tension control 
the strip speed is controlled in proportion to the 
motor e.m.f., and the tension in proportion to the 
armature current. These electrical quantities, how- 
ever, yield the input to the motor. For the power 
output, therefore, the following corrections have to 
be taken into account and superposed on the desired 
value for the tension: 


The losses in the machine which, to a first approx- 
imation, may be represented by a constant com- 
ponent and one proportional to the motor speed. 
For very strict requirements a quadripole can be 
employed as function generator for this correction 


of the desired tension value. 


The power required for accelerating and retarding 
the rotating masses. 


Fig. 8 shows the tension and speed control system 
for the coiler drive. The main circuit for the down 
and up-coiler may be an asymmetric two-converter 
connection. Since the pull of the coiler is always in 
the same direction, the second set of mutators only 
has to take over the current during retardation or 
for an emergency stop. They may be made cor- 
respondingly smaller for this short-time duty. In the 
connection in which the “‘figure-eight’”? current is 
suppressed, only one set of mutators is carrying 
current. A description of the anti-parallel connection 
with suppressed “‘figure-eight” current can be found 
in the article on page 650. 
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Fig. 9. — Strip tension and desired current as a function of the 
speed difference between actual and desired value 


F’=F+¢,+¢,0+ J+ dw/dt= 
Corrected desired value of tension 
F = Set tension 
c, = Constant losses 
¢yv = Losses varying with strip speed 
J + dw/dt= Acceleration component 
An= Speed difference 
An > An, = Condition for constant tension 


I, = Desired armature current 


The control system is basically arranged so that 
the current corresponding to the tension is controlled 
by the converters. The desired tension can be set 
with a potentiometer by the operator. The e.m.f. of 
the coiler motor is controlled in proportion to the 
strip speed by an appropriate adjustment of the 
motor field. 

When feeding in the strip, the speed control first 
acts through the cascaded current control loop, 
exactly as for the Ward-Leonard set (Fig. 4). As 
soon as the tip of the strip has been attached to the 
coiler the desired speed value is raised slightly above 
the actual value. This causes the reference input J,, 
to rise until the magnitude of the corrected tension F’ 
has been attained, as introduced into the controller 1. 
I 


a 


itation circuit, as can be seen in Fig. 9. This circuit 


, is prevented from rising any further by the lim- 


ensures that the change from speed to tension control 
takes place without jerking, so that the motor current 
can never exceed the level corresponding to the 
desired tension, on account of the limitation, During 
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Fig. 10. — Relationship of acceleration current to rated current 
as a function of the coil diameter for constant run-up time to 


constant working speed 
40 I, = Acceleration current 
I, = Rated current . 
Ta d= Coil diameter 
In f 
1: Coil alone 
30 2: Motor 
3: Coil and motor together 
ay rolling the desired speed is always made higher than 
8 P y 8 
the actual value, thereby ensuring that the tension 
control is always in action. 

10 In the event of the strip breaking, the drive is first | 
accelerated to the desired speed, which is a little 
higher than the actual value. Then the speed control 

‘ loop comes into action and prevents any further 

500 750 1000 1250 mm 1500 acceleration by reducing the reference input J,,. 
BROWN BOVERI eat 120059 +1 
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The speed limitation prevents the motor from run- 
ning away. 

The corrected value for the desired tension F’, 
which acts as reference value for the current control, 
is produced in the arithmetic unit 8. As shown in 
Fig. 9, this corrected tension value is determined 
by the following factors: 


F= Desired value for tension, set on a poten- 
tiometer 


c, = Constant losses 


¢, * v= Losses proportional to the speed 


= Acceleration influence of the coiler 


daw 
cea 


The acceleration can be determined either by 
differentiating the voltage output of the coiler tacho- 
generator, or by a small tacho-generator on the servo- 
motor of the potentiometer used for running up the 
rolling-mill motor (see Fig. 4). In the latter case it is 
assumed that the rolling stand and the coiler respond 
to the change in desired value instantaneously, an 
assumption which it is quite fair to make in view of 
the very small acceleration and the rapidity with 
which the control system responds. 

In the arithmetic unit (Fig. 8) the moment of 
inertia J of the coil and the coiler is determined from 
the diameter, which itself is calculated from the 


Fig. 11. — Oscillogram of the characteristic electrical quantities of the up-coiler and down-coiler 


v= Strip speed n, = Speed of up-coiler 
Ny = Speed of down-coiler 
I,, 1, = Armature currents of up and down-coilers 


I, = Acceleration current 
J j= Retardation current 
U,, U, = Armature voltages of up and down-coilers 
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speeds of the coiler and the strip, as given by the 
tacho-generators T11 and Tyr. This value is multi- 
plied by the value also fed into the arithmetic unit, 
giving the acceleration d@/di, and yields the correc- 
tion for the acceleration current. The curve showing 
the variation of the acceleration current in terms of 
the coil diameter d is shown in Fig. 10 [7]. 

The rolling stand and the coilers have to be run 
up as rapidly as possible so as to keep the loss of 
material low. The shorter the acceleration period, the 
greater the component of the acceleration current. 
With modern methods of control it is not unusual for 
the acceleration current to be six times the tension 
current, while maintaining the accuracy specified 
for the tension in practice. In this way extremely 
short run-up times are achieved, especially when the 
motors used have a very low flywheel effect. 

As mentioned before, to produce the desired tension 
value, apart from controlling the tension current, the 
motor field has to be set so that an e.m.f. proportional 
to the strip speed is obtained. This is the task of the 
voltage control shown in Fig. 8. The voltage of the 
tacho-generator 7yr1 running with the deflector roll 
is a measure of the desired value of the motor e.m.f. 
The voltage at the motor terminals, corrected by the 
ohmic drop in the armature J,,,.R, or Ij). R,, is 
utilized as actual value. By rapidly controlling the 
motor e.m.f. it is possible to correct for the field- 
weakening influence of the back-e.m.f. of the arma- 
ture. Ifthe tension in the strip has also to be maintained 
when the drive is at a standstill, the desired magnetic 
flux cannot be set with the aid of the voltage control; 
at standstill the motor e.m.f. is always zero regardless 
of the excitation current, so that the magnitude of 
the flux is indeterminate. Consequently a loop con- 
trolling the excitation, overriding the voltage control, 
comes into action, as can be seen in Fig. 8. Since, as 
shown earlier, the flux is merely a function of the 
diameter, the desired value for the excitation current 
can be obtained from the arithmetic unit concerned 
with the diameter. Before the e.m.f. becomes zero 
the arithmetic unit stores the values from the tacho- 
generators Ty and Ty and the diameter of the coil 


in the form of a potentiometer setting. 


In the event of a stoppage or disturbance in the 
rolling operation, the drives of the rolling stand and 
the coilers have to be stopped as rapidly as possible. 
If the diameter of the coil is small, the motor flux 
and hence the possible braking torque is also 
correspondingly small. Therefore for emergency 
braking the field is increased as much as possible by 
stepping up the reference value of the voltage to the 
rated motor e.m.f. U;,, and, at the same time, by 
raising the motor current to the maximum admissible 
values] ivegee 

With the control methods at present available and 
the elements of the Brown Boveri electronic system 
the control system can be designed for a very wide 
range of tension. Up to a ratio of 1: 20 between 
minimum and maximum tension one coiler motor is 
employed. For higher tension ratios two motors are 
required, one of which is disconnected at lower ten- 
sions, thereby reducing the moment of inertia and 
friction losses, which would otherwise adversely affect 
the accuracy of the strip tension. 

Naturally all coiler motors can also be fed from 
Ward-Leonard sets. The control system then con- 
forms to the principle described above and the 
circuitry shown in Fig. 8 for a mutator-fed drive; the 
current control, as in Fig. 4, acts through a power 
stage on the field of the Ward-Leonard generator. 

The oscillogram in Fig. 11 shows the conditions 
for the down-coiler and the up-coiler. The strip speed 
was recorded during an acceleration period, a period 
at constant speed and a braking period; also the 
speed, armature current and armature voltage of the 
two coilers. 

The signal voltages for the control systems described 
for the drives of the rolling mill and the coilers are 
standardized, and the various available correcting 
elements adapted to the signal voltages. By means 
of the range of correcting elements developed by 
Brown Boveri the control systems can be matched 


to all power levels, permitting the fulfilment of all 


requirements imposed on the drives and control © 


systems of all kinds of cold-strip mills. 
(KME) H. R. Kunz 
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BRIEF BUT INTERESTING 


The Use of Low-Frequency Generators with Controlled Frequency 
and Voltage to Feed Roller-Table Motors 


To priveE the rollers of the transport systems in rolling 
mills, one of two methods is generally adopted nowa- 
days: 


— Either several rollers are driven by a common d.c. 


motor 


— Or rollers are driven separately by squirrel-cage 
motors for industrial frequency supply, connected 
to the rollers through gearing and fed from a syn- 
chronous alternator, which in turn is driven by a d.c. 


motor. 


In both cases the speed is controlled by the Ward- 
Leonard system. 

A further possible method of driving the rollers is at 
present being executed by Brown Boveri. In this system 
each roller is coupled direct to a squirrel-cage motor; 
the motors are then connected to a Scherbius machine 
with a low output voltage and frequency, both variable. 
The field windings of the Scherbius machine are fed at 
industrial frequency via a frequency converter, which 
also separately controls the voltage and the frequency. 


621.771.2-83: 621.316.72 


By feeding the squirrel-cage motors at low frequency 
it is possible to take advantage of the excellent current- 
Whereas _ for 
operating at 50 c/s the short-circuit current is high and 


torque characteristic. geared motors 
the starting torque low, by choosing a suitable low 
frequency it is possible to obtain an almost proportional 
relationship between the torque and the current. If 
the voltage is correctly matched, it becomes possible 
to operate with currents which are always of the order 
of magnitude of the rated current. The connection is 
suitable for reversal of the motors without using 
switches in the leads; it is also worth pointing out that 
braking energy is fed back into the mains. Hence a 
favourable power balance is achieved, allowing the 
cost of the converter to be rapidly amortized. 

The controlled low-frequency squirrel-cage motor is 
thus a robust, reliable individual drive for roller tables. 
The low-frequency three-phase current can be generated 
in an easy manner by the converter set described. 


(KME) H. Kocu 
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New Continuous Merchant Mill 
for the Tata Iron and Steel Co. Ltd., 
Jamshedpur, India 


621.771.272 (54) 


Havine regard to the increasing demand for rolled 
steel products on the Indian market, the Tata Iron and 
Steel Co. Ltd., Jamshedpur, decided to purchase a new 
merchant mill in 1957. The order for the mechanical 
part of the equipment was placed Messrs Schloemann 
of Dusseldorf, the electrical equipment being ordered 
from Brown Boveri. The complete installation comprises 
three separate rolling trains with the following stands 


and d.c. drive motors: 


Roughing train with six stands 


Stands 1 & 2, 450 mm dia., drive 400 kW, 0-350/1000 rev/min 
Stands 3 & 4, 420 mm dia., drive 500 kW, 0-350/1000 rev/min 
Stands 5 & 6, 420 mm dia., drive 700 kW, 0-350/1000 rev/min 


Intermediate train with five stands 


Stand 7 360 mm dia., drive 500 kW, 0-350/1000 rev/min 
Stand 8 360 mm dia., drive 500 kW, 0-350/1000 rev/min 
Edger 8a 580 mm dia., drive 400 kW, 0-350/1000 rev/min 
Stand 9 360 mm dia., drive 500 kW, 0-350/1000 rev/min 
Stand 10 360 mm dia., drive 500 kW, 0-350/1000 rev/min 


Finishing train with four stands 


Stand 15 360 mm dia., drive 700 kW, 0-350/1000 rev/min 
Stand 16 360 mm dia., drive 700 kW, 0-350/1000 rev/min 
Stand 17 360 mm dia., drive 400 kW, 0-350/1000 rev/min 
Stand 18 360 mm dia., drive 400 kW, 0-350/1000 rev/min 


The total load of the main drives (Fig. 2) amounts to 
6200 kW. 


In order to meet the stipulated rapid response of 
0-25°%, s, all drives are connected on the unit principle 
and fed from grid-controlled pumpless mutators. The 
400 and 500-kW motors each have one converter, the 
700-kW motors two. Each converter is fed from a rec- 
tifier transformer; on account of the different motor 
ratings, two types of transformer were needed. For the 
400 and 700-kW motors a transformer with a type 
rating of 845 kVA was provided, for the larger motors 
two units being provided. The converters for the 500-kW 
motors were fed through transformers with a type rating 
of 1050 kVA. The control system of this block consists of 
electronic elements mounted in drawout trays, which 
are thus readily interchangeable. 


1 
2 
3 
4 
7 
Ing. 1. — Layout of the con- 
tinuous merchant mill of the 
Tata Iron and Steel Co., 9 
Jamshedpur, India 
1 = Billet unscrambler 
2 =Billet heating furnace 
3 = Roughing train 
4 = Intermediate train 
5 = Rotating cropping 
shears 
6 = Pinch rolls 
7 = Finishing train 10 
8 = Rotating cooling-bed 
shears 
9 = Cooling bed 
10 = Cold shears and unload- 
ing system 
Red: planned extension BROWN BOVERI 120026°1 
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Fig. 2. — View of the motor house of the continuous merchant mill of the Tata Iron and Steel Co. 


In the foreground are the four motors of the finishing train, the first two having a rating of 700 kW each, followed by two 400-kW 


motors. The basic speed of all motors is 350 rev/min. By field weakening the speed can be raised up to 1000 rev/min. The frequency 


changer supplying the motors driving the approach and run-in roller tables to the cooling bed can be seen in the background. This 
consists of a 500-kW, 1500-rev/min three-phase induction motor driving a d.c. motor rated 470 kW, 1500 rev/min; the second 
converter consisting of a d.c. motor rated 435 kW driving a synchronous alternator 117-450 kVA, with a power factor of appr. 0-55. 


The speed of this set can be varied from 330 to 1500 rev/min. 


For 
provided, each rated 1500 kVA, stepping down from 
13-2 kV to 440 V; only four of them are regularly in 


the auxiliary drives six transformers were 


service, the other two acting as reserves. It is possible 
to switch over to these units without interrupting the 
supply. The drives for the billet unscrambler, the 
furnace, pendulum shears, rotating shears (d.c.), the 
pinch-rolls between the intermediate and finishing trains 
(d.c.), the rotating shears preceding the cooling bed 
(d.c.), the cooling bed itself, the cold shears, the water 
supply and the oil supply, represent a total load of 
3110 kW. The Ward-Leonard system was adopted for 
the d.c. drives. The same applies to the frequency 
changer for the roller tables approaching and running 
into the cooling bed. 


The supply for control of the main and auxiliary 
drives is obtained from a flywheel converter comprising 
a synchronous alternator driven by a three-phase in- 
duction motor. By this means brief interruptions of the 
mains supply are prevented from affecting the rolling 
mill by causing the majority of the contactors to drop 
out. In the event of the supply failing completely, the 
flywheel converter is able to maintain the control 
voltage for about 300 ms. This is sufficient to cover the 
interruption of faults in the high-voltage system which 
can be dealt with by rapid auto-reclosure of the 
breakers. 

The stipulation of a high standard of dimensional 
accuracy for the finished product means that there must 
be no tension between the stands of the finishing train 
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Fig. 3. — The stands 15 to 18 of the finishing train of the merchant mill at Jamshedpur 


Clearly visible between the finishing stands are the looping devices; the horizontal loopers were in operation at the time this photo- 
graph was taken. 


eese © 
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Fig. 4. — Cooling-bed shears of the merchant mill at Jamshedpur 
Casing with the magnetic clutch and mill motor driving the shears, with its built-on tachogenerator and centrifugal switch. The 
mill motor conforms to the AISE size 610. 
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Fig. 5. — Cooling bed of the continuous merchant mill of the Tata Iron and Steel Co., Jamshedpur 


The cooling bed consists of the approach and run-in roller table with main and secondary channel, the braking device, eccentric 


rake, shufle bars and the run-out roller table. The cut lengths and position of the finished rods are clearly visible in the picture. 


This cooling bed is equipped with the automatic control system described in an earlier issue of the Brown Boveri Review (1960, 


Vol. 47, No. 3, p. 136-44). 


and necessitated the incorporation of three vertical and 
three horizontal looping devices between these stands 
(Fig. 3). The vertical looping devices are used when 
rolling flats and angles; the horizontal ones when 


producing rounds. 


The material emerging from the rolling mill is cut 
down with rotating shears (Fig. 4) to the length of 
the cooling bed, on which it is braked and cooled 
(Fig. 5). Two sets of cold shears following the cooling 


bed cut these pieces down to normal commercial lengths, 
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The mill was built for single-strand rolling to begin 
with. Provision has been made for two-strand rolling, 
however (Fig. 1, part shown in red). This will necessitate 
the provision of a second intermediate and finishing 
train and a further cooling bed. The number of stands 
and the drive power of the roughing train are already 


adequate to cope with two-strand rolling. 


The cross-section of the billets prior to rolling are: 


Billets 75x 75mm, 9-41 m long, weighing 411 kg 
100 x 100 mm, 9-41 m long, weighing 728 kg 


Sheet-bars 127 x 100 mm, 9-41 m long, weighing 914 kg 


The following finished products are turned out: 


Rounds 12-7 to 63-5 mm dia. 
Flats 23-8 to 127 «6-35 to 50-8 mm 
Squares 12-7 to 57-15 mm 
Octagonals 19-5 to 38-1 mm 
Angles | 25.4 to 76-2 mm 
| 38-1 x 50-8 to 63-5 x 88-9 mm 
Tees 38-1 to 63-5 mm 
Channels 76-2 to 101-6 mm 


The delivery speed of the mill amounts to 12 m/s at 
its maximum, when rolling rounds 12-7 mm dia. The 
capacity of the furnace is 75 t/h, the maximum output 
of the mill being 35 t/h of 12-7 mm rounds and 75 t/h 
of 20 mm rounds. 

The installation of the electrical equipment for this 
mill was started in October 1959, for which Brown 
Boveri sent two supervisors to begin with, then a third 
in February 1960. When erection was at its peak, 
altogether 300 men were engaged on the electrical 
equipment alone. The erection was handled by Voltas 
Ltd., Brown Boveri’s agents in India, employing Indian 
labour. In April and May 1960 Brown Boveri sent 
three commissioning engineers, whose task was to inspect 
the whole installation and adjust the controls. On 
August 3rd 1960, only ten months after erection was 
commenced, the rolling mill was placed in service per- 
sonally by Mr J. R. D. Tata, Chairman of the Tata 
Tron and Steel Co. Ltd., and has been running very 


satisfactorily since. 


(KME) W. Poxi 


A New Sendzimir Mill in the Isbergues Steelworks of the 
Compagnie des Forges de Chatillon Commentry et Neuves Maisons (CCNM) 


IN THE SPRING OF 1961 the CCNM took a new Send- 
zimir (cold-strip) mill into service in their Isbergues steel- 
works in France. The electrical equipment was supplied 
jointly by the Cie Electro-Mécanique, Paris and Brown 
Boveri. ‘The mill consists of a rolling stand and two 
coilers, one on either side of the stand. During the first 
pass the strip is run off the rewinder, through a straight- 
ening machine into the rolling stand, and so to the 
up-coiler, For succeeding passes the whole system is 
reversed, so that the coilers operate alternately as up- 
coiler and down-coiler. 

The material rolled is grain-orientated steel sheet 
containing silicon, as used for transformer laminations, 
also sheet-steel for coachwork and stainless steel sheet. 
The dimensions of the coils of strip range from 500 to 
1065 mm wide, with diameters of 508 to 1830 mm. The 
weight of a coil may be anything from 9 to 20 tons. 


621.771.274 (44) 


Starting with a maximum initial thickness of 2 mm, 
the sheets are rolled down to a minimum of 0-3 mm in 
several passes. 

The rolling mill is designed for a maximum rolling 
speed of 720 m/min, i.e. 12 m/s, a. speed realized for 
the first time with this particular mill. At this maximum 
speed the tension in the strip amounts to 13-5 t; the 
maximum tension of 27 t is attained at a speed of 
400 m/min. A feature deserving special mention is the 
emergency braking system which comes into action if 
the strip should tear. By means of a special electrical 
device, the mill and the coiler drive can be braked from 
the maximum speed of 720 m/min to standstill in 2-5 s. 

The rolling mill and the two coilers are driven (Fig. 1) 
by five d.c. motors, each having a rated torque of 


10 mt. The overall weight of these motors is roughly 
42-4, 
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Fig. 1. — View of the motors driving the Sendzimir mill 


The five d.c. motors are clearly visible: the motor for the rolling stand in the middle, with two motors for each coiler before and 


after the rolling stand. 
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Fig. 2. — Switchboard containing the control gear for the main drives of the Sendzimir mill 
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Fig. 3. — Layout plan of the Sendzimir mill, showing the rolling stand, drive motors, converter sets and switchgear 


1 =Sendzimir rolling stand 
2, 3'= Coilers 
4 = Rewinder 
5 = Main control desk 
6 = Control desk for the auxiliaries 
7 = Main converter set 
8 = Auxiliary converters 
9 = Motors driving the rolling stand 
10 = Starting transformer for synchronous motor 
11 = Low-voltage distribution board 380 V, 50 c/s 


Their data: 


Sendzimir mill drive 


3500 hp, 0-250/600 rev/min 


Coiler preceding 
the rolling mill 2250 hp, 0-150/340 rev/min 


and 1250 hp, 0— 85/300 rev/min 


Coiler following 
the rolling mill 2250 hp, 0-150/340 rev/min 


and = 1250 hp, 0- 85/300 rev/min 


The two motors of each coiler are mechanically 
coupled, their armature circuits being in series; up to 
rolling speeds of 400 m/min both motors are in action 
and can produce a maximum torque of 27 t. On chang- 
ing to higher speeds up to a maximum of 720 m/min, 
one motor is uncoupled and its armature short-circuited. 


12 = High-voltage switchgear 5-5 kV, 50 c/s 

13 = Switchboard with control gear, supervisory and signalling 
equipment 

14 = Contactor racks 

15 = Ventilation shafts 

16 = Contactor rack in basement 

17 = Contactor rack for auxiliaries 

18 = Contactor rack, hydraulic equipment 

19=Control gear for the main d.c. motors of the rolling 
stand 


The d.c. motors are fed by a Ward-Leonard converter 
with a synchronous speed of 750 rev/min and a total 
weight of about 84 t. The set consists of: 


Driving motor: 
1 synchronous three-phase motor 
7000 hp, 5 kV, 50 c/s, 

Feeding the rolling mill drive: 
2 d.c. generators 1470 kW, 


Feeding the coiler before the rolling mill: 
1 d.c. generator 2000 kW, 


Feeding the coiler after the rolling mill: 
1 d.c. generator 2000 kW. 
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In addition there are four auxiliary converter sets, 
as well as the drive for the rewinder. The installed 
capacity of these machines amounts to 2000 hp, and 
their total weight 17 t. 

Finally, for various auxiliary drives in the rolling mill 
a total of 60 synchronous three-phase motors with a 
total capacity of about 2000 hp were required. 

To accommodate the electronic control system, the 
open-loop control gear, the supervisory, signalling and 
measuring equipment, as well as the complete switch- 
gear for the auxiliaries, the following installation was 


required: 


1 switchboard 23 m long (Fig. 2) 
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1 contactor rack with 50 sections 


| main control desk with 6 subsidiary control desks 
and units 


The current supply for the entire rolling mill is 
handled by a 5:5-kV switchgear installation housed in 
ten metalclad units. It contains the feeder terminal 
boxes, the starting gear for running up the synchronous 
motor of the main converter set at reduced voltage, the 
outgoing feeders to the two 1000 kVA transformers 
stepping down from 5500 to 380 V for the auxiliary 
supply mains, also the various instruments and kWh- 


meters. The overall layout is clearly depicted in Fig. 3. 


(KME) C,. FoucauLtT 


A Reversing Blooming Mill for Acciaierie e Laminatoi Monteforno S.A., 


Bodio, Switzerland 


In Aucust 1961 a new, modern blooming mill was taken 
into service at the Monteforno steelworks in Bodio 
(Ticino). The mechanical equipment for the two-high 
reversing mill with pinion stand was supplied by Siemag, 
Dahlbruch, W. Germany. Brown Boveri provided all 
the electrical equipment, both for the main drive and 
for the auxiliaries. 

The rolling stand is designed for cylinders ranging 
from 650 to 850 mm in diameter and 2000 mm long. 
It is used to produce billets and sheet-bars from 
preheated raw ingots weighing from 2:5 to 3 t. 


BROWN.-BOVER! 


621.771.223 (494) 


In this rolling mill the following dimensions are of 


interest: 


Weight of billets 0-6 to 3 t 


Initial cross-sections 24 « 24 cm to 48 x 48 cm 


Final cross-sections 


of billets 10 x 10 cm to 15 X 15 cm 


of sheet-bars 8 x 18 cm to 13 x 30 cm 


Number of passes 7 to 27 per ingot 


Fig. 1. — Main motor of the reversing 
mill, rated 2600 kW at 60 rev/min, 
cut-out torque 120 mt 


116997.1 
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Fig. 2. — Mutator installation 

consisting of two sets of six single- 

anode tanks, feeding the main motor 
with field reversal 


BROWN-BOVERI ee F. ; 2 115998 .1 


Output capacity at present 30 t/h; after Effective power 2600 kW 
conversion to automatic Speed 0 +60 + 120 rev/min 
control 40 t/h Rated torque 42-2 mt 
Cut-out torque 120 mt 
The work rolls are driven through a pinion stand by The d.c. motor is fed by two sets of six single-anode 
a d.c. motor, designed for the following data: mutators (mercury-arc rectifiers), with anodes connected 
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Fig. 3. — Layout of the reversing blooming mill in the Bodio steelworks of Acciaierie e Laminatoi Monteforno S.A. 


1 = Distribution board 7 = Extension roller tables 13 = Roll-changing gear 

2 = Control pulpit 8 = Working roller tables 14 = Billet shears 

3 = Control desk for auxiliaries 9 = Feed rolls 15 = Stop 

4 = Soaking pit 10 =Screwdown gear 16 = Roller table from shears 
5 = Reversing main motor 11 = Manipulator side-guards 17 = Transfer skid 


6 =Approach roller table 12 =Tilting device 
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in pairs in parallel. They are connected to the h.v. 
supply via a transformer with interphase transformer. 
The design of the mutator installation is such that an 
ingot can be finished at full torque with only one set 
of six single-anode mutators. 

In the armature circuit the mutators are connected 
for half-wave rectification; the direction of rotation of 
the main motor is reversed by changing the polarity of 
its field current. By means of a specially designed exciter 
the excitation current can be increased to five times 
its normal value (super-excitation). The use of this 
rapid exciter, and the provision of laminated main 
and interpoles and yoke for the main motor allows the 
field to be reversed very rapidly, and very short revers- 
ing times attained. 

An electronic control system ensures that the drive 
obeys the control commands exactly, but at the same 
time that inadmissibly high stresses are not imposed on 
the motor or mutators. This control system comprises 


the following principal circuits: A current control 


BROWN BOVER) 


circuit ensures that the maximum admissible motor 
current is not exceeded. A voltage control circuit 
monitors the armature voltage and keeps it at its 
rated value while operating with field-weakening. These 
circuits are overridden by a speed control circuit. 
Finally a means of limiting the acceleration prevents 
unduly high reactive load peaks from occurring. All 
elements of the control system supplied for this reversing 
mill are designed for automation at a later date. At 
present manual control is provided. 

The screwdown of the upper roll of the two-high 
stand is effected by a pair of mill motors, each rated 
60 kW at 600 rev/min. A Ward-Leonard converter 
controlled by magnetic amplifiers feeds these two 
motors. For the remaining auxiliaries such as the 
roller tables, pushers, tilting device, as well as the billet 
hot shears, various 


shears and 


together with a.c. 
auxiliaries, machines were installed having a total 
rating of over 1000 kW. 


(KME) G. CREMONCINI 
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Svenska Kullagerfabrik, Hillefors, Sweden. Rolling-mill motor rated 2900 kW, 60/120 rev|min, cut-out torque 150 mt 
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View of the blooming mill of Acciaierie e Laminatoi Monteforno S.A., Bodio, Switzerland 


In the foreground is a two-high stand with spindles and pinion stand. One of the two 60-kW mill motors driving the screwdown 


gear is mounted on a bracket attached to the stand. 
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